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Abstract(!Chatani,!Shunsuke!(Ph.D.,!Chemistry!and!Biochemistry)!
Thiol-Michael!Addition!Polymerization!Reactions!Thesis!directed!by!Professor!Christopher!Bowman!!! This! thesis! is! focused! on! understanding! and! implementation! of! the! thiol-Michael!addition! reaction! for! controlling! polymer! structures! and! properties.! The! thiol-Michael!addition! ‘click’! reaction! has! numerous! advantageous! characteristics! for! polymerization!reactions,! such! as! having! a! high! reaction! rate! and! yield! under! mild! reaction! conditions!without! the! formation! of! byproducts,! starting! from! a! large! selection! of! easily! accessible!monomers.!Firstly,!control!of!the!onset!of!the!thiol-Michael!addition!reaction!was!achieved!by! development! of! two! different! initiator! systems,! i.e.,! a! latent! initiator! (nucleophilic!initiator! and! acid! inhibitor)! and! a! photoinitiator! (sensitizer,! base-tetraphenylborate!complex! and! radical! inhibitor).! Both! initiator! systems! provided! excellent! control! of! the!onset!of!the!reaction!and!provided!facile!methods!to!form!crosslinked!polymer!networks.!Secondly,! selectivities! of! various! functional! groups! toward! the! thiol-Michael! addition!reaction! were! assessed,! and! it! was! demonstrated! that! multiple! functional! group!combinations! present! over! 99%! selectivity! of! one! functional! group! over! the! other.! This!concept!of!kinetically!selective!thiol-Michael!addition!reactions!are!implemented!to!control!polymer! structural! evolution,! and! eventually! led! to! dendrimer! synthesis! and!multiphase!network! polymer! formation.! In! dendrimer! synthesis,! a! 5th! generation! dendrimer! or!
! iv!
dendritic-linear!polymer!conjugate!were!synthesized!in!less!than!a!half!day,!and!in!the!case!of! dendritic-linear! polymer! conjugate,! the! reactions! were! all! in! one-pot! with! just! one!purification! step! for! the! whole! procedure.! Multiphase! network! polymer! formation! was!demonstrated!by!sequential,!selective!thiol-Michael!addition!reactions!of!multicomponent!monomer! mixtures,! and! it! was! shown! that! the! material! exhibits! two! distinct! glass!transition!temperatures!(10!and!55!°C).!!Thus,!triple!shape!memory!behavior!was!achieved!with! a! stable! intermediate! shape.! Lastly,! spatiotemporal! control! of! both! the! thiol-ene!reaction! and! thiol-Michael! addition! reaction! were! utilized! to! form! a! material! with!patterned! functionalities! and! material! properties,! starting! from! a! mixture! of!multifunctional!thiols!and!an!excess!of!multifunctional!acrylates.!This!approach!is!based!on!the!difference!in!the!thiol-vinyl!reaction!mechanisms!between!the!radical!pathway!and!the!anionic! pathway,! in!which! the! former! consumes!more! acrylates!via! homopolymerization!and!the!latter!consumes!both!thiols!and!acrylates!in!a!stoichiometric!ratio.!!! !
! v!
!!!!!!!!!!!!!!!!
This thesis is dedicated to my wife, Asami and our son, Hiroto.! !
! vi!
Acknowledgements(!I! would! like! to! thank! Prof.! Christopher! Bowman! for! his! guidance,! encouragement! and!support!over!the!years.!Your!passion!for!research!has!always!been!motivated!me.!I!can!say!without!doubt!that!to!be!a!member!of!your!research!team!was!one!of!the!best!decisions!I!have!made.!!I! would! like! to! acknowledge! my! committee! members! Profs.! Wei! Zhang,! David! Walba,!Zhongping!Tan!and!Charles!Musgrave.!I!would!like!to!thank!Prof.!Jeffrey!Stansbury!for!his!helpful!suggestions!to!my!research.!!I!would!like!to!thank!Bowman!group!and!Stansbury!group!members!for!their!support!and!for!the!wonderful!time!I!spent!in!and!out!the!lab.!I!would!like!to!thank!Dr.!Devatha!Nair,!Dr.!Tao!Gong,!Dr.!Maciej!Podgórski,!Dr.!Neil!Cramer,!Dr.!Parag!Shah,!Dr.!Richard!Sheridan,!Dr.!Diana!Leung,!Dr.!Raveesh!Shenoy,!Dr.!Megan!Cole,!Dr.!Kenneth!Koehler,!Dr.!JianCheng!Liu,!Dr.!Haiyan!Peng,!Dr.!Sankha!Pattanayak,!Dr.!Austin!Baranek,!Dr.!Mauro!Claudino,!Dr.!Brady!Worrell,! James!Wydra,!Weixian!Xi,!Abeer!Alzahrani,!Gayla!Berg,!Ethan!Gillett,!Christopher!Fenoli,! Chen! Wang,! Matthew! McBride,! Alexandar! Flores,! Xinpeng! Zhang,! Eftalda! Becka,!Danielle!Konetski,!Han!Byul!Song!and!Nancy!Sowan!for!their!insights!and!discussions,!and!also! for! the! pleasant! and! joyful! time! in! the! group.! I! would! like! to! thank! undergraduate!students!Brittany!Earle!and!Anna!Murphy!for!working!with!me.!I! would! like! to! thank!Mitsubishi! Rayon! for! giving!me! the! great! opportunity! to! study! in!University!of!Colorado!and!also!for!the!financial!support!for!my!PhD!course.!I!would!like!to!acknowledge! National! Science! Foundation,! National! Institutes! of! Health! and! the!
! vii!
Industry/University! Cooperative! Research! Center! for! Fundamentals! and! Applications! of!Photopolymerizations!for!providing!funding!for!the!research.!I!would!like!to!thank!my!BS!and!MS!degree!advisor!Prof.!Yukio!Yamamoto!for!teaching!me!the!basis!of!my!career!as!a!chemist.!I! would! like! to! thank!my! family! for! their! love! and! support.! My! wife,! Asami! has! always!supported!me!with!love!and!patience.!I!could!not!have!accomplished!my!PhD!without!your!support.! Our! son,! Hiroto! has! brought! a! joy! to! our! lives!with! his! cheerful! character.! The!times!I!spent!with!my!family!gave!me!the!energy!to!work.!I!would!like!to!thank!my!parents,!Masaaki! and!Tatsumi!Chatani,!my! sisters,! Satoko! and!Tomoko!Chatani,!my!grandmother,!Mitsu! Chatani,! my! mother-in-law,! Izumi! Nakamura! and! my! brother-in-law,! Shinichiro!Nakamura!for!their!love!and!support.!!!!!!!! !! !
! viii!
TABLE OF CONTENTS 
 
 
CHAPTER PAGE 
 
 
 1.     INTRODUCTION AND BACKGROUND ......................................... 1 
 
  1.1.  Click Chemistry in Polymer Science ................................................ 1 
  1.2.  Orthogonality ..................................................................................... 2 
  1.3.  Thiol-X Reactions .............................................................................. 3 
   1.3.1.  Radical Mediated Thiol-Ene and Thiol-Yne Reactions .............. 4 
   1.3.2.  Thiol-Michael Addition Reaction ................................................. 5 
   1.3.3.  Thiol-Isocyanate Reaction ......................................................... 10 
  1.4.  Photochemical Processes in Polymer Science ................................ 11 
  1.5.  Applications and Implementations of Thiol-X Reactions .............. 12 
   1.5.1.  Dendrimers and Dendritic Polymer Architectures .................. 13 
   1.5.2.  Network Polymers ...................................................................... 14 
   1.5.3.  Surface Functionalization and Post-Polymerization 
Modification ................................................................................ 15 
  1.6.  References ........................................................................................ 15 
 
 2. OBJECTIVES ...................................................................................... 22 
 
  2.1.  References ........................................................................................ 26 
 
 3. TEMPORAL CONTROL OF THIOL-CLICK CHEMISTRY ........ 27 
 
  3.1.  Introduction ..................................................................................... 28 
  3.2.  Experimental ................................................................................... 30 
   3.2.1.  Materials .................................................................................... 30 
   3.2.2.  Methods ...................................................................................... 31 
  3.3.  Results and Discussion ................................................................... 33 
  3.4.  Conclusions ...................................................................................... 49 
  3.5.  Acknowledgements .......................................................................... 49 
  3.6.  References ........................................................................................ 49 
 
 4. VISIBLE-LIGHT INITIATED THIOL-MICHAEL ADDITION 
PHOTOPOLYMERIZATION REACTIONS ................................... 52 
 
  4.1.  Introduction ..................................................................................... 53 
  4.2.  Experimental ................................................................................... 54 
   4.2.1.  Materials .................................................................................... 54 
   4.2.2.  Methods ...................................................................................... 55 
! ix!
  4.3.  Results and Discussion ................................................................... 56 
  4.4.  Conclusions ...................................................................................... 65 
  4.5.  Acknowledgements .......................................................................... 65 
  4.6.  References ........................................................................................ 66 
 
 5. RELATIVE REACTIVITY AND SELECTIVITY OF VINYL 
SULFONES AND ACRYLATES TOWARDS THE THIOL-
MICHAEL ADDITION REACTION AND POLYMERIZATION 68 
 
  5.1.  Introduction ..................................................................................... 68 
  5.2.  Experimental ................................................................................... 72 
   5.2.1.  Materials .................................................................................... 72 
   5.2.2.  Methods ...................................................................................... 73 
  5.3.  Results and Discussion ................................................................... 74 
  5.4.  Conclusions ...................................................................................... 88 
  5.5.  Acknowledgements .......................................................................... 89 
  5.6.  References ........................................................................................ 89 
 
 6. FACILE AND EFFICIENT SYNTHESIS OF DENDRIMERS 
AND ONE-POT PREPARATION OF DENDRITIC-LINEAR 
POLYMER CONJUGATES VIA SINGLE CHEMISTRY: 
UTILIZATION OF SELECTIVE THIOL-MICHAEL ADDITION 
REACTIONS ........................................................................................ 92 
 
  6.1.  Introduction ..................................................................................... 93 
  6.2.  Experimental ................................................................................... 95 
  6.2.1.  Materials .................................................................................... 95 
  6.2.2.  Synthesis .................................................................................... 96 
  6.2.3.  Methods ...................................................................................... 99 
  6.3.  Results and Discussion ................................................................. 100 
  6.4.  Conclusions .................................................................................... 114 
  6.5.  Acknowledgements ........................................................................ 115 
  6.6.  References ...................................................................................... 115 
 
 7. TRIPLE SHAPE MEMORY MATERIALS INCORPORATING 
TWO DISTINCT POLYMER NETWORKS FORMED BY 
SELECTIVE THIOL-MICHAEL ADDITION REACTIONS ...... 117 
 
  7.1.  Introduction ................................................................................... 118 
  7.2.  Experimental ................................................................................. 121 
   7.2.1.  Materials .................................................................................. 121 
   7.2.2.  Methods .................................................................................... 121 
  7.3.  Results and Discussion ................................................................. 123 
  7.4.  Conclusions .................................................................................... 134 
! x!
  7.5.  Acknowledgements ........................................................................ 135 
  7.6.  References ...................................................................................... 136 
 
 8. REACTIVE MULTIFUNCTIONAL POLYMER FILMS AND 
SURFACES FORMED BY SPATIOTEMPORAL CONTROL    
OF THIOL-ENE AND THIOL-MICHAEL ADDITION 
REACTIONS ...................................................................................... 138 
 
  8.1.  Introduction ................................................................................... 138 
  8.2.  Experimental ................................................................................. 140 
   8.2.1.  Materials .................................................................................. 140 
   8.2.2.  Methods .................................................................................... 141 
  8.3.  Results and Discussion ................................................................. 142 
  8.4.  Conclusions .................................................................................... 149 
  8.5.  Acknowledgements ........................................................................ 149 
  8.6.  References ...................................................................................... 150 
 
 9. CONCLUSIONS AND RECOMMENDATIONS .......................... 152 
 
BIBLIOGRAPHY ................................................................................................. 158 
  
! xi!
LIST(OF(TABLES!
!
Table( PAGE!3.1.! Duration! of! induction! times! and! initial! rates! of! the! thiol-Michael! addition!reaction!by!using!TPP/(MsOH)!initiator!system!for!the!reaction!of!TMPTMP!and!EVS! 36!4.1.! Functional! group! conversions! after! light! irradiation! (50! mW/cm2,! 60! min!irradiation! for! PETMP/DVS! and! 10! min! irradiation! for! PETMP/PEGDA)! and!heating! 1! hour! at! 60-70! °C.! The! initiator! used! was! either! ITX/TBD•HBPh4!(0.5/1.0!wt%)!or!ITX/TBD•HBPh4/TEMPO!(0.5/1.0/0.5!wt%).!Conversions!were!determined!by!FT-IR!..............................................................................................................................!62!5.1.! The!thiol-Michael!addition!reaction!under!various!reaction!conditions!........................!75!5.2.! Calculated!r,!fB!and!Pgel!values!and!gelation!behaviors!of!PETMP!:!HDDA!(or!DVS)!:!EGMEA!systems!.....................................................................................................................................!86!6.1.! Selectivity!values!obtained!from!model!reaction!systems!(a)!MA/thiol!A/thiol!B!and!(b)!MMP/vinyl!A/vinyl!B!..........................................................................................................!101!6.2.! Characterization!of!each!generation!by!MALDI-TOF-MS!and!GPC!..................................!108!6.3.! Characterization! of! PEG-diazide! and! its! dendron! G2! and! G4! conjugates! by! and!GPC! 114!8.1.! Contact!angle!measurement!of!films!before!and!after!surface!functionalization!.....!146!
!
!
!
!
!! !
! xii!
LIST(OF(FIGURES!
!
Figure( PAGE!1.1.! Relative!reactivities!of!(a)!thiols!and!(b)!vinyls!towards!the!thio-Michael!addition!reaction!reported!by!Chan!et!al.!(Chan,!J.!W.;!Hoyle,!C.!E.;!Lowe!A.!B.;!Bowman,!C.!N.!Macromolecules!2010,!43,!6381-6388)!.....................................................................................!9!3.1.! Chemical! structures! of! the! thiols,! vinyls,! isocyanates,! nucleophiles! and! bases!used!in!this!study!....................................................................................................................................!31!3.2.! Thiol!conversion!as!a!function!of!time!for!(a)!TMPTMP/EVS!systems!with!4.0!M!thiol! functional!groups,!4.0!M!vinyl!sulfone! functional!groups!and!0.04,!0.08!or!0.20!M!TPP,!(b)!TMPTMP/EVS!systems!with!4.0!M!thiol!functional!groups,!4.0!M!vinyl!sulfone!functional!groups,!0.20!M!TPP!and!0.010,!0.022!or!0.041!M!MsOH.!Diethyleneglycol! diethylether! was! the! solvent! for! all! systems.! (a)! The! thiol-Michael! addition! reaction! rate! increases! with! higher! concentrations! of! TPP,!although! still! within! a! timescale! observable! by! FT-IR.! (b)! Addition! of! MsOH!generates! a! controllable! induction! time,! which! increases! with! higher! MsOH!concentrations;!however,!the!reaction!rate!remains!largely!unchanged!after!the!induction!period!......................................................................................................................................!35!3.3.! Thiol!conversion!as!a!function!of!time!for!TMPTMP/EVS!system!with!4.0!M!thiol!functional!groups,!4.0!M!vinyl!sulfone!functional!groups,!0.20!M!TPP!and!0.041!M!MsOH.! Corresponds! to! Fig.! 3.2b! (0.041!M)!with! extended! reaction! time.! Thiol!conversion!reaches!0.95!in!3!hours!................................................................................................!37!3.4.! Thiol!conversion!as!a! function!of! time!for!(a)!TMPTMP/EVS!system!with!4.0!M!thiol!functional!groups,!4.0!M!vinyl!sulfone!functional!groups!and!0.04!or!0.20!M!TEA.! (b)!TMPTMP/EVS! system!with! 4.0!M! thiol! functional! groups,! 4.0!M! vinyl!sulfone! functional! groups,! 0.033! M! TEA! and! 0.019! M! MsOH.! Diethyleneglycol!diethylether! was! used! as! a! solvent! for! all! systems.! (a)! The! rate! of! the! thiol-Michael! addition! reaction! increases! with! higher! concentration! of! TEA.! TEA!showed!higher!rate!of!reaction!compared!to!TPP!with!same!concentration!(Fig.!3.2a).!(b)!Addition!of!MsOH!significantly!decreased!the!reaction!rate;!however,!it!did!not!generate!an! induction!time!as! in! the!TPP/MsOH!system!(Fig.!3.2b)!and!the!observed!kinetic!behavior!was!completely!different!......................................................!37!3.5.! Thiol!conversion!as!a!function!of!time!for!TMPTMP/EVS!system!with!4.0!M!thiol!functional! groups,! 4.0!M! vinyl! sulfone! functional! groups,! 0.32,! 0.41! or! 0.49!M!TPP!and!fixed!MsOH!concentration!of!0.042.!The!duration!of!the!induction!time!could! be! adjusted! simply! by! changing! the! TPP! concentration.! The! rate! of! the!thiol-Michael!addition!reaction!also!increases!with!the!concentration!of!TPP!...........!38!
! xiii!
3.6.! Thiol!conversion!as!a!function!of!time!for!a!reaction!between!TMPTMP!and!DVS.!The! thiol! to! vinyl! sulfone! ratio!was! 1:1! (stoichiometry).! 1.0!wt%!TPP! and! 0.3!wt%!MsOH!were!used.!Almost!no!viscosity!change!was!observed!until!3!minutes!after! mixing! all! reagents! together.! Extremely! rapid! polymerization! occurred!after!3!minutes!to!form!a!crosslinked!polymer,!which!could!be!clearly!observed!from!the!kinetic!profile!.........................................................................................................................!39!3.7.! Kinetic!profile!simulations!for!the!reaction!system!used!in!Fig.!3.2b.!Each!kinetic!profile!could!be!simulated!with!high!reproducibility!.............................................................!42!3.8.! Kinetic!profile!simulations!for!the!reaction!system!used!in!Fig.!3.5.!Each!kinetic!profile!could!be!simulated!with!high!reproducibility!.............................................................!42!3.9.! Kinetic! profile! simulations! for! the! reaction! system! used! in! Fig.! 3.2b.! TMPTMP!conversion!(left!axis)!and!TPPH!(protonated!TPP)!concentration!(right!axis)!are!shown.![TMPTMP]!:![EVS]!:![TPP]!:![MsOH]!=!4.0!:!4.0!:!0.20!:!0.041!system!was!used.!TMPTMP!conversion!starts!increasing!immediately!after!TPPH!is!depleted!...!43!3.10.! 1H!NMR!spectra!of! (a)! [EVS]! :! [TPP]!=! ! 0.1! :! 0.1! in!DMSO-d6!after!14!hours!of!reaction!and!(b)![EVS]!:![DMPP]!=!0.1!:!0.1!in!DMSO-d6!after!14!hours!of!reaction.!(a)! Almost! no! reaction!was! observed! from! the! EVS! and! TPP!mixture.! (b)! The!double!bond!peak!disappeared!completely,!which!shows!that!EVS!reacted!with!DMPP.!The!arrow!A!indicates!the!generation!of!a!zwitterion,!whereas!the!arrow!B! indicates! the! generation! of! an! addition!byproduct! between! a! zwitterion! and!EVS.!Therefore,!the!TPP!conversion!was!lower!than!100%!.................................................!43!3.11.! Concentration!of!reacted!species!as!a!function!of!time!for!(a)![TMPTMP]!:![EVS]!:![TPP]!:![MsOH]!=!4.0!:!4.0!:!0.40!:!0.05!system!and!(b)![TMPTMP]!:![EA]!:![TPP]!:![MsOH]! =! 4.0! :! 4.0! :! 0.40! :! 0.05! system.! Unexpectedly,! the! acrylate! showed! a!much!shorter!induction!time!and!a!higher!reaction!rate!.......................................................!45!3.12.! Concentration!of!reacted!species!as!a!function!of!time!for!(a)![TMPTMP]!:![EVS]!:![EA]![TPP]!:![MsOH]!=!4.0!:!2.8!:!1.2!:!0.40!:!0.05!system,!!(b)![TMPTMP]!:![EVS]!:![EA]![TPP]!:![MsOH]!=!4.0!:!2.0!:!2.0!:!0.40!:!0.05!system!and!(c)![TMPTMP]!:![EA]!:![TPP]!:![MsOH]!=!4.0!:!1.2!:!2.8!:!0.40!:!0.05!system.!Vinyl!sulfones!reacted!much!faster!than!acrylates!in!all!these!systems!.....................................................................................!45!3.13.! Kinetic!profile! simulation!of! the! reaction! systems! shown! in!Fig.! 3.11! and!3.12.!Each!kinetic!profile!could!be!simulated!with!high!reproducibility!...................................!47!3.14.! Thiourethane! group! generation! as! a! function! of! time! for! the! thiol-isocyanate!reaction!between!PETMP!and!HMDI.!The!thiol!to!isocyanate!ratio!was!1!to!1.!A!TPP/DVS! co-initiator! system!was!used,! and! the! amounts!of! each! reagent!were!1.5!wt%!and!4.0!wt%,!respectively.!An!adjustable!induction!time!dictated!by!the!MsOH!concentration,!was! followed!by!a!rapid!polymerization!of!similar!rate! in!each!case!.....................................................................................................................................................!48!
! xiv!
4.1.! Chemical!structures!of!the!compounds!used!in!this!study!...................................................!55!4.2.! Functional! group! conversion! plots! as! a! function! of! time! for! stoichiometric! (a)!PETMP/DVS! and! (b)! PETMP/PEGDA! reacted! using! ITX/TBD•HBPh4! (0.5/1.0!wt%)! as! an! initiator! system! and! reacted! with! 400-500! nm! light.! The! light!intensity! was! 50! mW/cm2! and! was! switched! on! after! two! minutes! of! data!acquisition.! Thiol! conversions! were! lower! than! vinyl! conversions! in! both!systems,! which! is! in! agreement! with! previous! study.! (Jian,! Y.;! He,! Y.;! Sun,! Y.;!Yang,!H.;!Yang,!W.;!Nie,!J.!J.!Mater.!Chem.!C!2013,!1,!4481–4489)!.....................................!58!4.3.! Functional! group! conversion! plots! as! a! function! of! time! for! stoichiometric! (a)!PETMP/DVS! and! (b)! PETMP/PEGDA! containing! ITX/TBD•HBPh4/TEMPO!(0.5/1.0/0.5!wt%)!as!an!initiator!system!and!reacted!with!400-500!nm!light.!The!light! intensity!was!50!mW/cm2!and!was!switched!on!after!two!minutes!of!data!acquisition.!Inlet!of!(a)!shows!magnified!view!of!the!initial!stage!of!the!reaction.!The!thiol!and!vinyl!groups!reacted!stoichiometrically!throughout!the!reaction!........!59!4.4.! Functional! group! conversion! plots! as! a! function! of! time! for! stoichiometric!PETMP/DVS! using! DEATC/TBD•HBPh4/TEMPO! (1.0/1.0/1.0! wt%)! as! an!initiator!system.!The!light!intensity!was!50!mW/cm2!and!was!switched!on!after!two!minutes!of!data!acquisition!.......................................................................................................!60!4.5.! Absorption!spectrum!of!0.05!mM!DEATC!in!acetonitrile!......................................................!60!4.6.! Functional! group! conversion! plots! as! a! function! of! time! of! stoichiometric!PETMP/DVS! using! DEATC/TBD•HBPh4/TEMPO! (1.0/1.0/1.0! wt%)! as! an!initiator!system.!440!nm!LED!light!source!with!light!intensity!of!10!mW/cm2!was!used,!and!was!switched!on!after!two!minutes!of!data!acquisition!....................................!60!4.7.! Functional! group! conversion! plots! as! a! function! of! time! for! stoichiometric!PETMP/DVS! using! ITX/TBD•HBPh4/TEMPO! (1.0/2.0/1.0! wt%)! as! an! initiator!system.!The!light!intensity!was!50!mW/cm2,!was!switched!on!after!two!minutes!of!data!acquisition,!and!was!switched!off!after! five!minutes!of!data!acquisition.!Thiol! and! vinyl! sulfone! conversions! continued! to! increase! even! after! the! light!was!switched!off,!indicating!that!the!reaction!was!catalyzed!by!the!base!.....................!61!4.8.! UV-Vis!absorption!spectra!of!varying!concentrations!of!TBD!in!acetonitrile!with!phenol! red! indicator.! New! band! appeared! at! 570! nm! by! increasing! the!concentration! of! TBD.! The! picture! shows! the! colors! of! samples! with!concentrations!of!1.09!×!10-3!M,!1.45!×!10-3!M!and!1.82!×!10-3!M!TBD!from!left!to!right!(label!on!the!vial!indicates!the!concentration!of!TBD!in!acetonitrile!(0.800!mL)!before!adding!0.080!mL!1.0!×!10-3!M!phenol!red!solution!in!acetonitrile!............!63!4.9.! Absorption!at!570!nm!plotted!versus! irradiation! time! for! ITX/TBD•HBPh4!and!ITX/TBD•HBPh4/TEMPO!in!acetonitrile!with!an!addition!of!phenol!red.!1.2!×!10-3!M!of!ITX,!TBD•HBPh4!and!TEMPO!if!used!were!prepared!in!acetonitrile!(total!
! xv!
0.800!mL).!The!light! irradiation!was!conducted!using!13!mW/cm2!400-500!nm!light,!and!then!1.0!×!10-3!M!phenol!red!solution! in!acetonitrile! (0.080!mL)!was!added!to!the!solution!.............................................................................................................................!64!4.10.! Tan! δ! plots! for! (a)! ITX/TBD•HBPh4! initiator! system! (dotted! red)! and! (b)!ITX/TBD•HBPh4/TEMPO! initiator! system! (blue).! (a)! Occurrence! of! radical!mediated!side!reactions!could!be!recognized! from!both!peak!broadening!and!a!shoulder! on! the!peak! (circle).! (b)! In! comparison,! existence! of! radical! inhibitor!TEMPO! eliminates! radical! mediated! side! reactions! to! form! homogeneous!polymer!network!as!could!be!confirmed!from!sharp!single!tan!delta!peak!..................!65!5.1.! Chemical!structures!of!the!compounds!used!in!this!study!...................................................!73!5.2.! Proposed! mechanisms! for! (a)! base-catalyzed! and! (b)! nucleophile-catalyzed!thiol-Michael!addition!reactions!.......................................................................................................!77!5.3.! Conversion! as! a! function! of! time! plots! for! [HT]! :! [EVS]! :! [MDPP]! =! 0.5! :! 0.5! :!0.0055!systems.!(a)!MDPP!was!added!to!HT,!mixed!for!15!min!and!then!added!to!EVS!to!start!the!reaction!(open!circle).!(b)!MDPP!was!added!to!EVS,!mixed!for!15!min! and! then! added! to! HT! to! start! the! reaction! (filled! circle).! (c)! MDPP! was!added! to!a!mixture!of!HT!and!EVS! to!start! the!reaction! (cross).! Induction! time!was! observed! for! (a)! and! (c).! However,! this! induction! time! was! dramatically!decreased!for!(b),!by!allowing!MDPP!and!EVS!to!react!before!adding!HT!.....................!78!5.4.! Conversion!as!a!function!of!time!plots!for!(a)![HT]!:![EVS]!:![MDPP]!=!1.0!:!1.0!:!0.0055,! (b)! [HT]! :! [EVS]! :! [MDPP]! =! 1.0! :! 2.0! :! 0.0055! and! (c)! [HT]! :! [EVS]! :![MDPP]!=!2.0!:!1.0!:!0.0055!systems.!DEGDE!was!used!as!a!solvent.!Reaction!rate!almost!doubled!when![HT]!or![EVS]!was!increased!in!a!factor!of!2!for!(b)!and!(c).!(b)!with!doubled!amount!of! [EVS]!showed! less! induction!time!compared!to!(a)!and!(c),!indicating!that![EVS]!affects!the!initial!reaction!step,!which!is!the!attack!of!a!nucleophile!on!a!vinyl!...................................................................................................................!80!5.5.! Conversion!as!a!function!of!time!plots!for!(a)![HT]!:![EVS]!:![MDPP]!=!0.5!:!0.5!:!0.0055!reaction!mixture!(filled!circle)!with!an!addition!of!(b)!0.064!M!of!water!(open!circle)!and!(c)!0.057!M!of!methanesulfonic!acid!(open!square).!An!addition!of!water! (b)!decreased! the! reaction! rate,!while!an!addition!of!methanesulfonic!acid!(c)!essentially!prevented!the!reaction!..................................................................................!82!5.6.! Conversion!as!a!function!of!time!plots!for!(a)!HT!:!EVS!:!HA!=!1!:!1!:!1!molar!ratio!mixture!with!0.05!wt%!MDPP!as!a!catalyst!and!(b)!HT!:!EVS!:!HA!=!2!:!1!:!1!molar!ratio! mixture! with! 0.05! wt%! MDPP! as! a! catalyst.! Each! plot! corresponds! to!conversion! of! HT! (filled! circle),! EVS! (open! circle)! and! HA! (filled! square).! (a)!When!thiol!:!vinyl!sulfone!:!acrylate!=!1!:!1!:!1!was!used,!conversions!of!HT!and!EVS!went!up!to!80%!in!15!minutes!with!almost!no!consumption!of!HA,!and!the!reaction!ended!up!with!90%!EVS!and!10%!HA!conversions!confirmed! from!1H!NMR!taken!1.5!hours!after!the!reaction!started.!(b)!When!thiol! :!vinyl!sulfone! :!
! xvi!
acrylate!=!2! :! 1! :! 1!was!used,! the! conversion!of!EVS!was!100%! in!10!minutes,!followed!by!reaction!of!HA.!The!reaction!ended!up!with!100%!EVS!and!80%!HA!conversions!confirmed!from!1H!NMR!taken!2.5!hours!after!the!reaction!started!......!84!5.7.! Schematic!illustration!of!the!network!formation!in!(a)!PETMP!:!HDDA!:!EGMEA!=!1! :! 3! :! 3! and! (b)! PETMP! :! DVS! :! EGMEA! =! 1! :! 3! :! 3! systems.! For! the! system!depicted! in! (a),! addition! of! the! monofunctional! EGMEA! monomer! prevents!network! formation! and! gelation.! In! contrast,! gelation! occurs! for! the! system!depicted!in!(b)!since!vinyl!sulfones!are!much!more!reactive!to!the!thiol-Michael!addition!reaction!and!the!effect!of!EGMEA!addition!is!minimal!.........................................!88!6.1.! Chemical! structures! of! the! thiols! and! vinyls! used! to! assess! their! selectivity!between!different!structures!...........................................................................................................!101!6.2.! FT-IR! spectrum! of! the! reaction! mixtures! of! each! dendrimer! generation.!Methacrylate! peaks! at! 1640! cm-1! were! clearly! observed! in! G1,! G3! and! G5!accompanied!by!a!disappearance!of!thiol!peak!at!2580!cm-1.!In!contrast,!G2!and!G4!have!shown!thiols!peaks!without!any!methacrylate!peaks.!Spectrum!of!G1,!G3!and! G5!were! recorded! after! 30!min! of! reaction,! and! G2! and! G4!were! recorded!after!2!h!of!reaction!..............................................................................................................................!106!6.3.! 1H! NMR! spectra! of! each! dendrimer! generation.! Interchanging! peripheral!functional! groups! from! G1! to! G5! could! be! clearly! observed! from! the! spectra!(square:!vinyl!protons!from!methacrylate,!arrow:!thiol!proton!from!alkylthiol)!.....!107!6.4.! MALDI-TOF!MS!spectrum!of!(a)!G1,!(b)!G2!and!(c)!G3!..........................................................................................!108!6.5.! GPC!traces!of!dendrimers!G1!to!G5!..................................................................................................................................................!109!6.6.! 1H!NMR!spectra!of!(a)!PEG-diazide,!(b)!dendron!G2!mixture,!(c)!PEG-dendron!G2!after! precipitation! and! (d)! PEG-dendron! G4! after! precipitation.! Alkyne-related!peaks! at! 2.48! and! 4.67! ppm! disappears! after! CuAAC! reaction! and! polymer!precipitation!((c)!and!(d)).!Methacrylate!related!peaks!at!5.62!and!6.15!remains!in!both!(c)!and!(d)!that!supports!the!formation!of!PEG-dendron!Gx!conjugate.!........!113!6.7.! GPC!traces!of!PEG-diazide!and!its!dendron!G2!and!G4!conjugates!...................................!114!7.1.! Chemical!structures!of!monomers!used!in!this!study,!and!an!illustrative!diagram!of! dual! network! polymer! formation! with! two! distinct! glass! transition!temperatures! using! reactivity! differences! of! monomers.! The!mercaptoacetate-vinyl!sulfone!system!is!significantly!more!reactive!than!the!mercaptopropionate-acrylate! system! which! reacts! only! at! elevated! temperatures! under! these!conditions!.................................................................................................................................................!124!7.2.! Storage! moduli! and! tan! d! curves! of! (a)! MA-V! (dash-dotted! green),! (b)! MP-A!(dotted! blue),! (c)! MA-V/MP-A! (solid! black)! systems! and! (d)! MP-A! with! MA-V!
! xvii!
microparticles!(dashed!red).!The!two!tan!d!peaks!of!(c)!match!well!with!(a)!and!(b),!and!also!with!(d)!that!was!prepared!as!a!composite!of!MA-V!microparticles!embedded!in!MP-A!matrix!................................................................................................................!126!7.3.! Thiol!functional!group!conversion!as!a!function!of!time!for!a!MA-V/MP-A!system!initiated!by!0.54!wt%!TPP!with!0.08!wt%!MsOH.!The!reaction!was!started!at!22!°C! and! then! heated! to! 90! °C! after! 31! min! of! reaction.! The! thiol! conversion!plateaus! around! 50!%! at! ambient! temperature! and! starts! increasing! again! at!elevated!temperature,!due!to!the!two!sequential!thiol-Michael!addition!reactions!126!7.4.! Scanning! electron!microscopy! images!of! (a)! dual! network!polymer! comprising!mercaptoacetate-vinyl!sulfone!(MA-V)!and!mercaptopropionate-acrylate!(MP-A)!networks!and!(b)!a!composite!of!MA-V!microparticles!embedded!in!MP-A!matrix.!Phase!separation!was!observed!in!both!polymers!.................................................................!128!7.5.! Shape! memory! behavior! of! MA-V/MP-A! system! at! temperatures! around! (a)!higher!Tg!and!(b)!lower!Tg.!(a)!The!sample!was!strained!10.8!%!at!45!°C!and!was!subsequently!cooled!to!10!°C!to!fix!the!shape.!The!applied!stress!was!unloaded!at!10!°C!(Rf!=!79!%)!and!was!heated!up!to!60!°C!to!determine! its!shape!recovery!behavior! (Rr! =! 98!%).! (b)! The! sample!was! strained! 12.4!%! at! 20! °C! and!was!subsequently!cooled!to!–30!°C!to!fix!the!shape.!The!applied!stress!was!unloaded!at!–30!°C!(Rf!=!97!%)!and!was!heated!to!40!°C!to!determine!its!shape!recovery!behavior!(Rr!=!96!%)!............................................................................................................................!130!7.6.! Triple!shape!memory!behaviors!of!MA-V/MP-A!system!programmed!by!(a)!one-step!and!(b)!two-step!programming.!(a)!One-step!programming!was!performed!at!45!°C!by!straining!the!sample!to!13.9!%!and!cooling!down!to!–30!°C.!The!stress!was!unloaded!(Rf!=!98!%)!and!was!heated!up!to!70!°C!(Rr!=!98!%).!Two!distinct!shape!recoveries!were!observed!during!heating.!(b)!Two-step!programming!was!performed!at!45! °C! (13.3!%!strain)!and!10! °C! (25.9!%! total! strain).!The!stress!was!unloaded!(Rf!=!98!%)!and!the!sample!was!heated!to!70!°C!(Rr!=!87!%).!Two!distinct!shape!recoveries!were!observed,!and!the!sample!held!its!strain!stably!at!20!°C!for!one!hour!.................................................................................................................................!132!7.7.! Pictures!of!a!polymer!strip!(originally!60!mm!between!two!blue!lines)!that!was!(a)!strained!to!64!mm!(7%)!and!left!at!ambient!overnight,!and!(b)!subsequently!heated!to!40!°C!that!contracted!back!to!its!original!length!.................................................!133!7.8.! Triple! shape!memory! effect! using!MA-V/MP-A! polymer!with! thickness! of! 0.25!mm.!(a)!One!side!of!a!strip!was!coiled!at!Tg!of!MA-V!and!fixed!at!23!°C.!(b)!The!other! side! of! a! strip!was! coiled! opposite! direction! above! Tg! of!MP-A! and!was!fixed!at!-78!°C.!(c)!Sample!was!heated!to!23!°C!to!show!the!1st!shape!recovery.!(d)!Sample!was!heated!to!45!°C!to!show!the!2nd!shape!recovery!.....................................!134!7.9.! DMA!result!of!a!polymer!consisted!of!PETMA/PETMP/DVS/TMPTA.!Two!distinct!tan! δ! peaks! were! observed,! which! correlates! with! PETMA/DVS! and!
! xviii!
PETMP/TMPTA! networks! and! thus! implies! facile! tunability! of! this! TSMP!fabrication!method!...............................................................................................................................!135!8.1.! Monomers!used!in!this!chapter!......................................................................................................!140!8.2.! Two!reaction!pathways!for!thiol-acrylate!systems.!Radical!pathway!leads!to!both!thiol-acrylate! addition! product! and! acrylate-acrylate! homopolymerization.!Thiol-Michael! pathway! leads! to! stoichiometric! consumption! of! both! thiols! and!acrylates.! Thus,! starting! from! a! slight! excess! amount! of! acrylates,! the! radical!pathway! will! result! in! relatively! higher! crosslinking! density! (due! to! acrylates!serving!as!a!difunctional!linker!in!the!case!of!homopolymerization!compared!to!a!monofunctional! linker! when! forming! thiol-acrylate! adduct)! with! remaining!thiols,!and!the!thiol-Michael!pathway!will!result!in!a!relatively!lower!crosslinking!density!with!residual!acrylates!.......................................................................................................!143!8.3.! ATR-IR! spectra! of! polymer! films! made! from! a! mixture! of! GDMP! and! DTTA!(thiol:acrylate! =! 1.0:1.2)! with! TPP/MsOH! (1.4/0.14! wt%)! as! a! delayed! thiol-Michael!initiator!and!DMPA!(0.5!wt%)!as!a!radical!photoinitiator,!and!reacted!via!radical! pathway! (TE-polymer,! blue! lines)! or! thiol-Michael! pathway! (TM-polymer,!orange! lines).!Both! films!were!post-cured!at!60!°C! for!over!30!min!to!ensure! highest! conversion! attainable.! Distinct! thiol! peak! at! 2560! cm-1! was!observed!with! almost! no! absorption! for! acrylate! peak! at! 810! cm-1! from! a! TE-polymer!(blue),!and!in!contrast,!acrylate!peak!was!observed!with!no!thiol!peak!from!a!TM-polymer!(orange)!...........................................................................................................!145!8.4.! Chemical!structures!of!functional!monomers!used!for!surface!functionalization!....!146!8.5.! A! diagram! showing! the! method! to! form! gradient! materials.! Tinuvin! 328! (0.5!wt%)!was! added! into! a!mixture! of! GDMP/DTTA! (thiol:acrylate! =! 1.0:2.0)!with!TPP/MsOH! (1.4/0.14! wt%)! and! DMPA! (0.5! wt%).! UV! light! was! strongly!absorbed!by!Tinuvin!328.!Thus,!the!photoinitiated!radical!pathway!was!limited!to! the! top! surface! while! the! rest! of! the! material! reacted! via! a! thiol-Michael!pathway!initiated!by!heating!the!sample!at!70!°C!for!10!min!............................................!147!8.6.! Tan!δ!curves!and!storage!moduli!of!TM-polymer,!TE-polymer!and!gradient!films!from!GDMP/DTTA!(thiol:acrylate!=!1.0:2.0).!TE-polymer!exhibited!higher!Tg!and!rubbery! modulus! due! to! the! involvement! of! acrylate! homopolymerization.!Gradient! film! expressed! two! transitions! and! each! transition! temperature! was!similar!to!the!Tg!of!TE-polymer!and!TM-polymer,!which!supports!the!formation!of!gradient!polymer!networks!.........................................................................................................!149!
!! !
! xix!
LIST(OF(SCHEMES!
!
Scheme( PAGE!1.1.! The!copper-catalyzed!azide-alkyne!cycloaddition!(CuAAC)!reaction!.................................!1!1.2.! The!reaction!mechanisms!of!thiol-ene!reaction!(right)!and!thiol-Michael!addition!reaction!(left)!...............................................................................................................................................!3!1.3.! The!reaction!mechanism!of!thiol-yne!reaction!.............................................................................!5!1.4.! The!mechanism!of!nucleophile-mediated!thiol-Michael!addition!reaction!......................!6!1.5.! The!mechanism!of!thiol-Michael!addition!reaction!between!thiol!and!yne!..................!10!1.6.! The!mechanism!of!thiol-isocyanate!reaction!..............................................................................!10!3.1.! General!schemes!of!thiol-Michael!addition!and!thiol-isocyanate!reactions!..................!28!3.2.! The!proposed!mechanism!for!the!thiol-Michael!addition!reaction!with!a!chemical!clock-mediated!induction!time!.........................................................................................................!40!3.3.! Chemical!reaction!equations!and!kinetic!constants!used!for!the!modeling!of!the!thiol-Michael!addition!reaction.!The!thiol!:!vinyl!sulfone!:!TPP!:!MsOH!system!was!used!as!a!model!........................................................................................................................................!41!3.4.! Chemical! reaction! equations! and! kinetic! constants! that! are! added! to! the!equations! and! values! shown! in! Scheme!3.3! for!modeling! thiol! :! vinyl! sulfone! :!acrylate!:!TPP!:!MsOH!systems!..........................................................................................................!46!5.1.! General!scheme!of!the!thiol-Michael!addition!reaction!where!the!catalyst!can!be!either!a!nucleophile!or!base!...............................................................................................................!75!6.1.! Synthetic! procedures! of! A*A2! and! B*B2! monomers! and! schematic! dendrimer!growth!........................................................................................................................................................!103!6.2.! Synthetic! procedure! of! generation! 2! alkyne-terminated! dendron! (dendron-G2)!and!its!conjugation!with!PEG-diazide!using!CuAAC!...............................................................!112!
 
! 1!
Chapter(1(
Introduction(and(background(!!
1.1.( Click(chemistry(in(polymer(science(! The!concept!of!click!chemistry!was!first! introduced!by!Kolb,!Finn!and!Sharpless! in!2001,1!from!the!realization!that!chemical!reactions!have!to!be!highly!efficient!with!a!high!yield! of! a! single! desired! product! under! ambient! reaction! conditions,! for! the! successful!discovery! of! substances!with! useful! properties.! Initially,! the! click! chemistry! concept!was!mainly! focused! on! building! compounds! with! diverse! chemical! functionalities! for!investigation! as! pharmaceuticals;! however,! it! did! not! take! long! for! this! concept! to! be!applied!to!the!field!of!polymer!and!materials!science,!owing!to!the!needs!for!wellDdefined!polymer!architectures!that!enhance!material!properties.2–13!Among!various!reactions!in!the!click!chemistry!toolbox,!the!copper!catalyzed!azideDalkyne!cycloaddition!(CuAAC)!reaction!is!the!most!extensively!investigated!(i.e.,!“the”!click!reaction)!and!has!been!widely!applied!to! the! synthesis! of! linear! and! crosslinked! polymers,14,15! postDfunctionalization! of!polymers16! and! surfaces,17! and! construction! of! wellDdefined! polymer! architectures,18,19!among!others.!!
!Scheme!1.1.!The!copperDcatalyzed!azideDalkyne!cycloaddition!(CuAAC)!reaction.!
H R'R N3 + R N N
N
R'
Cu(I)
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! Other! reactions! in! the! click! chemistry! toolbox! that! have! been! widely! applied! to!polymer!science!include!the!DielsDAlder!reaction,20,21!oxime/hydrazone!chemistry,13,22!and!thiolDX!reactions,6–8,12,23–26!which!are!the!focus!of!this!thesis.!!
1.2.( Orthogonality(!! …‘‘although! click! reaction! components! are! necessarily! highly! reactive,! their!chemoselectivity!profiles!are!quite!narrowly!defined,!that!is,!the!reactions!are!‘‘orthogonal’’!to!an!unusually!broad!range!of!reagents,!solvents,!and!other!functional!groups’’…!Kolb!et!al.!(2001)1!!! Orthogonality! is! defined! as! a! set! of! reactions! that! occur! independently,! without!affecting!each!other.27!The!CuAAC!reaction!well!describes!this!feature,!in!which!azide!and!alkynes,!being!relatively!unreactive!functional!groups,!react!very!efficiently!with!each!other!in! the! presence! of! a! catalyst,! i.e.,! copper! (I).! In! this! regard,! the! thiolDX! reactions! have!disadvantages!due!to!the!high!reactivity!of!thiols!with!a!variety!of!functional!groups,!which!is! a! basis! of! high! efficiency! of! thiolDX! reactions! but! somewhat! compromises! their!chemoselectivity.!That!said,!it!is!also!possible!to!control!the!reactions!of!thiols!with!specific!functional!groups,!depending!on! their! reaction!mechanisms!and!conditions,! including! the!catalyst!selection.!Therefore,!though!it!is!not!exactly!the!definition!of!“orthogonality”,!a!set!of! reactions!will!be!called! “orthogonal”! throughout! this! thesis! if! those! reactions!could!be!sequentially!performed!without!protection/deprotection!chemistry.!!
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1.3.( Thiol=X(reactions(! In! this! section,! examples! of! thiolDX! reactions!will! be! discussed,!which! include! the!radicalDmediated! thiolDene! reaction! (i.e.,! thiolDene! reaction),! thiolDMichael! addition!reaction,! thiolDisocyanate! reaction! and! others.6–8,12,23–25! The! thiolDene! reaction! and! thiolDMichael! addition! reaction! give! the! same! type! of! product:! an! addition! product! of! thiol! to!vinyl!(Scheme!1.2).!However,!the!reaction!intermediates!and!mechanisms!are!different;!the!thiolDene! reaction! proceeds! via! a! radicalDmediated! mechanism! and! the! thiolDMichael!addition!proceeds!via! an! anionDmediated!mechanism.!This! difference! significantly! affects!the!reactivities!of!thiols!and!vinyls!toward!these!reactions;!for!example,!electronDrich!vinyls!possess!much!higher!reactivity! to! the! thiolDene!reaction;28,29!on! the!other!hand,!electronDdeficient!vinyls!possess!much!higher!reactivity!in!the!thiolDMichael!addition!reaction.30,31!In!addition,! the! tendencies!of! vinyls! to!homopolymerize!via! radical! intermediates! affect! the!outcome!of!the!thiolDene!reaction!(Scheme!1.2).32,33!!
!Scheme! 1.2.! The! reaction! mechanisms! of! thiolDene! reaction! (right)! and! thiolDMichael!addition!reaction!(left).!!
R1 S R2
SR1
R2
SR1
R1 SH
R2
IB
R2
R1 SH R2
SR1
R2
SR1 R1 S R1 SH R2
homopolymerization
kCT kpCC
kpSC
Thiol-Michael addition reaction Thiol-ene reaction
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! One!of!the!biggest!advantages!of!the!thiolDX!reactions!for!network!forming!systems!is!their!stepDgrowth!character.!Polymer!chains!grow!homogeneously!with!delayed!gelation!that! leads! to! homogeneous! polymer! networks! with! good! mechanical! properties! and!significantly!lower!shrinkage!and!shrinkage!stress!as!compared!to!chainDgrowth!networks.!In! addition,! varying! stoichiometry! allows! one! to! design! excess! functionalities! on! the!polymer!backbones!or!surfaces!that!could!further!be!used!for!postDfunctionalization.!These!features! led! thiolDX! reactions! to! be! used! for! polymer! functionalization,34,35! surface!modification36–38!and!the!formation!of!functional!polymer!networks39–43!and!hydrogels44–51!that! find! applications! in! the! field! of! optics,! microD! and! nanodevices,! coatings,! high!performance! polymers! and! biomaterials.! In! the! following! sections,! three! of! the! most!important! thiolDX! reactions,! the! thiolDene,! thiolDMichael! addition! and! thiolDisocyanate!reactions,!are!described!in!detail.!!
1.3.1.( Radical(mediated(thiol=ene(and(thiol=yne(reactions(! Among!the!variety!of!thiolDX!reactions,!the!radical!mediated!thiolDene!reaction,!often!referred! to! as! the! ‘thiolDene! reaction’,! is! by! far! the!most! extensively! investigated! thiolDX!reaction!in!the!field!of!polymer!science.!As!described!in!Scheme!1.2,!the!thiolDene!reaction!is! an! addition! reaction! of! thiols! to! vinyls! via! radical! intermediates.! Depending! on! the!structures!of!the!vinyls,!the!carbon!radical!intermediate!could!react!with!another!vinyl,!i.e.,!homopolymerize,! to!provide!a!byproduct!other! than!the!product!solely! from!the!addition!reaction!of!thiols!and!vinyls.32,33!Therefore,!the!thiolDene!reaction!is!commonly!referred!to!as! a! click! reaction! only!when! certain! vinyl! species! are! used,! such! as! norbornenes,! vinyl!silazanes,! vinyl! ethers,! allyl! ethers! and! others! that! have! larger! rate! constants! of! chain!
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transfer!over!homopolymerization!(kCT!>!kpCC).!Radical!photoinitiators!are!frequently!used!for! the! initiation! step!of! this! reaction,!which! is! a! huge! additional! benefit! of! this! reaction!providing!spatial!and!temporal!control.!! The! thiolDyne! reaction! is! a! double! addition! of! thiols! to! alkynes,! where! the!mechanism! is! depicted! in! Scheme! 1.3.23,52–55! Due! to! this! double! addition,! the! thiolDyne!reaction! is!advantageous! for! forming!highly!crosslinked!networks,52!high!refractive! index!materials56!and!highly!functionalized!polymers!and!surfaces.57–60!!
!Scheme!1.3.!The!reaction!mechanism!of!thiolDyne!reaction.!!!
1.3.2.( Thiol=Michael(addition(reaction(! The!thiolDMichael!addition!reaction!has!a!lot!of!similarities!to!the!thiolDene!reaction!in!terms!of!the!outcomes!of!the!reaction!thus!having!the!benefits!described!in!Chapter!1.2.1!for!the!thiolDene!reaction.!The!biggest!difference!is!that!the!reaction!proceeds!via!an!anionic)intermediate! instead! of! a! radical! intermediate;! therefore,! electron! deficient! vinyls! are!preferred!and!in!most!cases!a!catalyst,!often!a!base!or!a!nucleophile,! is!required!(Scheme!1.2).!The!ability!to! initiate!the!thiolDMichael!addition!reaction!without!radicals!makes!this!
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reaction! discrete! from! the! thiolDene! reaction.! Numerous! applications! combined! with!radicalDmediated! reactions! (e.g.,! (meth)acrylate! homopolymerization,61–63! thiolDene!reaction64)! have! been! reported! that! emphasizes! the! versatility! and! orthogonality! of! this!reaction.!! As! illustrated! in! Scheme! 1.2,! the! thiolDMichael! addition! reaction! proceeds! via! an!anionic!pathway.!It!is!known!that!various!catalysts!could!be!used!for!this!reaction,!such!as!a!base,!a!nucleophile!and!a!Lewis!acid!or!the!reaction!could!be!performed!in!a!catalystDfree!condition!with!highly!polar!solvents.6!Of!these!conditions,!the!most!widely!applied!catalyst!is! a! base.! Most! recently,! nucleophiles! gained! significant! attention! due! to! the! extremely!efficient!reaction!(Scheme!1.4).30,31,65,66! !
!Scheme!1.4.!The!mechanism!of!nucleophileDmediated!thiolDMichael!addition!reaction.!!! For!the!base!catalyzed!pathway,!the!first!step!of!the!reaction!is!deprotonation!from!a!thiol!by!a!base! to!generate!a! thiolate!anion.!The!second!step! is!a!nucleophilic!attack!of!a!thiolate!anion!to!a!vinyl,!which!is!generally!the!rateDlimiting!step.67!This!step!generates!an!intermediate!with!a!carbonDcentered!anion!that!sequentially!deprotonates!another!thiol!to!complete! the! reaction! cycle! and! form! the!product,! regenerating! the! thiolate! anion! in! the!
Nu R1
R1 SH
R2
R2
R1 S R2
SR1
R2
SR1
R1 SH
R2
Initiation
Nu
Nu
! 7!
process.!Deprotonation!from!a!protonated!base!could!also!occur,!in!which!case!the!reaction!reDstarts! from!the! first!step.!The!nucleophileDmediated!mechanism!has!an!additional!step!prior!to!the!first!step,!which! is!an! initiation!step.!PhosphorousDcentered!nucleophiles,! i.e.,!organophosphines,!have!relatively!low!pKas!of!their!conjugated!acids!that!span!in!the!range!of!2!to!8,!and!thus!do!not!function!efficiently!as!a!base!to!directly!deprotonate!a!thiol!(pKa!≈!8–11).30!Instead,!they!act!as!a!nucleophile!and!attack!a!vinyl!to!generate!a!carbonDcentered!anionic! intermediate,! which! is! similar! to! the! reaction! intermediate! of! the! thiolDMichael!addition!reaction!itself,!and!this!intermediate!actually!works!as!a!base!to!start!the!reaction!cycle.! Therefore,! a! strong) nucleophile! results! in! generating! stoichiometric! amounts! of! a!
strong) base,! which! makes! the! nucleophileDmediated! pathway! highly! efficient.! Some!reagents! such! as! primary! amines!work! as! a!base! and! a!nucleophile.! Thus,! the! reaction! is!mediated! in! a! mixedDmode.! This! makes! primary! amines! a! good! catalyst! for! the! thiolDMichael!addition!reaction!even!though!they!are!generally!not!excellent!bases.30!! As!described!previously,!the!rateDlimiting!step!of!the!thiolDMichael!addition!reaction!is!generally!the!nucleophilic!attack!of!a!thiolate!anion!to!a!vinyl.!Thus,!the!reaction!rate!is!first!order!in!the!concentrations!of!both!the!thiolate!anion!and!the!vinyl.!The!concentration!of!the!thiolate!anion!is!determined!by!the!acidity!of!the!thiol!and!the!basicity!of!the!catalyst,!or!Keq!described!in!eq.!1.1.!!! Keq!=![RDSD][B+DH]/[RDSH][B]! (1.1)!!Therefore,! in! the!case! that!Keq! is!very! large!(i.e.,! the!difference!between!pKa’s!of! the! thiol!and!the!conjugate!acid!of!catalyst!is!very!large),!the!concentration!of!the!thiolate!anion!will!
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be!approximately!equal!to!that!of!the!catalyst!(steady!state!concentration)!so!that!the!rate!of!reaction!(eq.!1.2)!will!now!be!pseudoDfirst!order!in!the!vinyl!concentration.!!!! Rrxn!=!k[RDSD][vinyl]! (1.2)!!In!the!case!of!a!weaker!base,!the!concentration!of!the!thiolate!anion!generated!will!now!be!dependent!on!the!equilibrium!between!the!thiol!and!the!base!catalyst!determined!from!eq.!1.1.!As!a!result,! the!overall!reaction!rate!of!the!thiolDMichael!addition!reaction! is!complex!and!depends!on!various! factors! such!as!basicity,!nucleophilicity!and!concentration!of! the!catalyst,! pKa! and! steric! accessibility! of! the! thiol,! and! electron! deficiency! and! steric!accessibility!of! the!vinyl.!Chan!et)al.!have!extensively!worked!on! the!varying!reactivity!of!functional! groups! and! reported! their! relative! reactivities! as! shown! in! Figure! 1.1a.30! For!thiols,!the!reactivity!order!was!mercaptoacetate!(thioglycolate)!>!2Dmercaptopropionate!>!3Dmercaptopropionate!>!alkanethiol,!which!is!in!good!agreement!with!their!acidity,!i.e.,!pKa,!with!more!acidic!(or!lower!pKa)!being!more!reactive.!For!vinyls,!the!reactivity!order!was!as!shown! in! Figure! 1.1b,! which! was! affected! by! both! electron! deficiency! and! steric!accessibility.!!!
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!Figure! 1.1.! Relative! reactivities! of! (a)! thiols! and! (b)! vinyls! towards! the! thioDMichael!addition!reaction!reported!by!Chan!et!al.30!!! It! is! also! worth! noting! that! electron! deficient! triple! bonds! (ynes)! also! react! with!thiols!via! the!thiolDMichael!addition!mechanism.68–71!Similar!to!radicalDmediated!thiolDyne!reactions,! the! thiol!can!add!up! to! twice! into!electron!deficient!ynes;!however,! the!second!addition! step! is! much! slower! than! the! first! addition! step! due! to! the! electron! donating!character!of! sulfur! into! the!double!bond!and!steric!hindrance.70!Therefore,!depending!on!their!reaction!conditions,!either!a!monoadduct!or!a!diadduct!could!be!formed!and!isolated.!!
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!Scheme!1.5.!The!mechanism!of!thiolDMichael!addition!reaction!between!thiol!and!yne.!!!
1.3.3.( Thiol=isocyanate(reaction(! The! thiolDisocyanate! reaction! is! an! addition! reaction! of! thiols! to! isocyanates,! as!described!in!Scheme!1.6.!Generally!the!reaction! is!baseDcatalyzed.!The!product!contains!a!thiourethane!moiety,! which! contributes! to! hydrogen! bonding! and! often! forms! polymers!with! high! toughness! and! high! glass! transition! temperatures72–74! compared! to! thioether!moieties!from!thiolDene!reaction!or!thiolDMichael!addition!reaction.!!
!Scheme!1.6.!The!mechanism!of!thiolDisocyanate!reaction.!!!
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! The! thiolDisocyanate! reaction! has! found! applications! in! polymer! synthesis,72! postDfunctionalization!of!polymers75!and!surface!modification.25!Recently,!Hensarling!et!al.!have!demonstrated! sequential! surface! patterning! of! isocyanate! functionalized! surfaces! using!contact! softDlithography! with! various! monofunctional! thiols! to! manipulate! tunable! and!patterned!wettabilities!with!each!reaction!complete!within!an!order!of!minutes.25!!
1.4.( Photochemical(processes(in(polymer(science(! As! the! demand! for! polymeric! materials! transitions! towards! the! need! for!customizable,! high!value,! specialty!polymeric!materials,! the! ability! to!use! light! to! initiate!various! physicochemical! changes! in! polymers! represents! one! of! the! most! powerful! and!rapidly!evolving!approaches.!Whether!for!polymer!formation,!polymer!modification,!shape!change,!or!inducing!smart!material!responses,!light!has!the!unique!capacity!for!enabling!4D!manipulation! of! each! of! those! processes.! Given! the! simple,! 3D! ability! to! focus! light! on! a!targeted!voxel!and!the!even!simpler!ability!to!turn!a!light!on!and!off!to!facilitate!temporal!control,!light!has!been!used!widely!in!various!polymer!modifications.!Further,!in!addition!to!the!ability! to! enhance! the! control!of! various! reactive!processes,!due! to! the!much!greater!energy! available! in! a! photon! as! compared! to! the! thermal! energy! available,! light! enables!chemical!processes!to!occur!at!ambient!conditions!that!are!otherwise!inaccessible!without!heating.!In!particular,!within!the!polymer!chemistry!field,!light!has!been!used!to!cause!bond!formation,! bond! degradation,! and! isomerization,! with! subsequent! reactions! including!polymerization,! polymer! degradation,! polymer! functionalization,! and! responsive! changes!in!properties!of!smart!materials.!!!
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The!marriage!of!photochemical!initiation!and!‘click’!chemistry!is!one!of!the!most!ideal!uses!of! 4D! control:! photochemical! initiation!provides! for! spatiotemporal! control! and! the! click!reaction!proceeds!nearly!ideally!once!initiated.!Photoinitiated!thiolDene/thiolDyne!reactions!and! CuAAC! reaction! are! well! investigated! among! various! photoinitiated! click! reactions!reported! to! date.! ThiolDene/thiolDyne! reactions! are! radicalDmediated! reactions,! thus,!conventional! radical! photoinitiators! are! easily! applied! for! a! vast! array! of! applications,!which! include! microfluidic! devices,! functional! beads! and! fibers,! surface! modification,!photolithography,! high! performance! crosslinked! polymers,! hydrogels! and! biomaterials.6–
8,23,25,26! For! the! CuAAC! reaction,! the! initial! attempt! for! photoinitiation!was! realized! by! a!formation! of! cyclooctynes! from! cyclopropenones! upon! light! exposure,! which! rapidly!undergo! CuDfree! azideDalkyne! coupling.76! Following! this! work,! several! groups! sought! to!create!approaches! in!which! the!Cu(I)! catalytic! species!are!generated!photochemically! inDsitu! from! Cu(II)! species.! This! approach! includes! a! combination! of! electron! donor! and!redoxDactive! chromophore,77!metalDligand! charge! transfer78! and! a! reduction! of! Cu(II)! by!radicals! using! conventional! radical! photoinitiators14,15! or! a! design! of! new! copperDphotoinitiator! complexes.79! Using! these! methodologies,! patterned! hydrogels! and! highDperformance!crosslinked!polymer!networks!have!been!fabricated.14,15!!
1.5.( Applications(and(Implementations(of(thiol=X(reactions(! In!this!section,!applications!and!implementations!of!thiolDX!reactions!and!especially!thiolDMichael! addition! reactions! are! described! in! detail! with! several! examples,! mainly!focusing! on! construction! of! dendrimers! and! dendritic! polymer! architectures,! network!polymers,!and!surface!functionalization,!each!in!separate!sections.!
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1.5.1.( Dendrimers(and(dendritic(polymer(architectures(! A!dendrimer! is!a!macromolecule!with!a!wellDdefined!globular! structure! that!has!a!large! number! of! peripheral! functional! groups,! which! leads! to! numerous! specific!characteristics! that! make! it! attractive! for! a! wide! range! of! applications! ranging! from!biomedical! to!catalysis! to!materials!science.80!Despite! this!potential,! synthetic!complexity!has!largely!prohibited!its!practical!implementation.!In!general,!dendrimers!are!synthesized!via!either!a!convergent!or!divergent!pathway!by!using!AB2!and!CD2!monomer!types,!adding!to! the! number! of! functionalities! with! each! generation.! Generally,! the! synthesis! includes!protection/deprotection!chemistry!sequences!or! implements! two!orthogonal!chemistries.!Obviously,! protection/deprotection! reactions! necessitate! extra! reaction! steps! with! low!atom! efficiency;! thus,! the! utilization! of! orthogonal! chemistries,! especially! “click”!chemistries,! has! been! widely! investigated! for! dendrimer! synthesis.81,82! Examples! of!orthogonal! “click”! chemistry! pairs! reported! incorporating! thiolDX! reactions! include! thiolDene/esterification,83,84! thiolDyne/esterification,85! azaDMichael/thiolDMichael,86,87! epoxyDamine/thiolDene,88! thiolDene/CuAAC,89! azaDMichael/thiolDene,59! thiolDMichael/esterification90! and! thiolDene/nucleophilic! substitution.91! These! examples! show!the! power! of! orthogonal! “click”! chemistry! pairs! in! dendrimer! synthesis;! specifically,! no!requirement! for! end! group! protection/deprotection! and! very! high! functional! group!conversions! without! any! side! reactions.! One! example! that! describes! the! power! of!orthogonal!click!chemistries!is!the!report!by!Antoni!et!al.,!in!which!they!used!thiolDene!and!CuAAC!reactions!sequentially!to!synthesize!a!sixth!generation!dendrimer!in!a!single!day.89!!
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1.5.2.( Network(polymers(! As!described!in!Chapter!1.3,!the!thiolDX!reactions!have!many!advantages!for!network!forming!systems.!Polymer!chains!grow!homogeneously!with!delayed!gelation!that!leads!to!homogeneous!polymer!networks!with!good!mechanical!properties!and!significantly!lower!shrinkage! and! shrinkage! stress! compared! to! chainDgrowth! networks.! Therefore,! thiolDX!reactions,!especially!thiolDene!reaction!have!been!explored!for!applications!such!as!dental!restorative!materials,39,92–94! impact!absorbing!materials95! and!shape!memory!polymers.40!Feasibility! for! combining! the! base! mediated! thiolDMichael! addition! reaction! with! the!!
radical)mediated! reactions! has! provided! an! interesting! concept! of! “twoDstage! reactive!polymer!systems”,!which!is!a!material!with!two!distinct!material!properties!that!could!be!transformed!on!demand.!Nair!et)al.! have!demonstrated!an!example!of! twoDstage! reactive!polymer! systems! by! using! offDstoichiometric! thiolDacrylate! systems! with! excess!acrylates.61,62! These! systems! were! initially! polymerized! using! the! thiolDMichael! addition!catalysts! such! as! a! base,! which! generates! loosely! crosslinked! polymer! networks! that!contain! excess! acrylates! due! to! the! stoichiometric! nature! of! the! reaction.! The! initial!polymer! networks! are! polymerized! further! by! photoinitiating! radicalDmediated! acrylate!homopolymerizations! that! would! dramatically! increase! crosslink! densities! and! thus!enhance! thermomechanical! properties! of! polymer! networks! such! as! Tg,! modulus! and!toughness.!Network!polymers!with! an!ability! to! switch! from!one!property! to! another!on!demand!have!applications!in!the!fields!of!imprinting!materials,!optical!materials!and!shape!memory!polymers!as!biomaterials.!Another!good!example!has!been!reported!by!Peng!et)al.,!using! the! thiolDMichael! addition! polymer! network! as! a! matrix! for! writing! holographic!patterns!by!radicalDmediated!thiolDene!reaction.64!
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1.5.3.( Surface(functionalization(and(post=polymerization(modification(! The! ‘click’! nature! of! thiolDX! reactions,! including!high! reaction! efficiency! and! yield,!tolerance!to!water!and!oxygen!and!commercial!availability!of!various!thiols!and!Xs!(vinyls,!alkynes,!isocyanates,!epoxides!etc.)!all!lend!these!reactions!to!be!versatile!tools!for!surface!functionalization25,36–38,58,96,97!and!postDpolymerization!modification.34,98–101!In!addition,!the!stepDgrowth! nature! of! thiolDX! reactions! provides! excellent! control! of! network! polymer!functionalities! by! simply! choosing! the! desired! offDstoichiometry! ratio! of! the! monomer!reactants.! This! strategy! has! been! widely! applied! to! manipulate! crosslinked! polymer!networks! with! functionalized! surfaces! to! control! adhesion,102–104!hydrophilicity/hydrophobicity,102! (bioDrelated)! interaction! of! coatings,105! fibers,106!particles,107!microfluidic!devices102–104!and!hydrogels.108!!!
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Chapter(2(
Objectives(! !! The! thiolDMichael! addition! reaction! is! a! powerful! tool! for! polymer! synthesis,!polymer!and!surface!functionalization!and!the!formation!of!network!polymers.!The! ‘click’!attributes! of! this! reaction,! such! as! the! high! rate! of! reaction! and! high! yield! without!byproduct! formation! under! ambient! reaction! conditions,! either! in! bulk! or! in!environmentally!benign!solvents!with!minimal!amounts!of!catalysts!or!no!catalysts,!along!with!its!orthogonality!to!other!reactions!make!it!particularly!useful!for!implementation!in!polymer!science.!Growing!interest!could!also!be!observed!by!performing!a!SciFinder!search!with!a!term!“thiol!Michael”,!“thia!Michael”!and!“thio!Michael”!that!gave!approximately!100!publications!in!the!previous!three!years!(2011D2013),!and!already!34!publications!in!2014.!Nevertheless,!these!numbers!are!much!less!than!that!for!the!term!“thiol!ene”!that!gave!over!1000!publications!in!the!previous!three!years!(2011D2013)!and!234!publications!so!far!in!2014.!One!of!the!possible!reasons!for!this!difference!is!the!lack!of!spatiotemporal!control!of!the!thiolDMichael!addition!reaction,!or!photoinduced!control!in!particular,!which!allows!the!reaction!to!happen!(where!and!when)!on!demand,!which!is!a!particularly!important!aspect!for!polymer!chemistry.!That!said,!thiolDMichael!addition!has!already!found!a!wide!array!of!applications! in! the! field! of! polymer! science,! and! ultimately! the! power! to! spatially! and!temporally!control!this!reaction!will!clearly!broaden!its!applicable!range.!! Another!interesting!aspect!of!the!thiolDMichael!addition!reaction!to!be!focused!on!is!the!inherent!difference!in!reactivity!between!various!functional!group!structures.!Chan!et)
al.!have!compared!the!relative!reactivities!of!both!thiols!and!vinyls!and!have!demonstrated!
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that!the!rate!constants!can!differ!by!more!than!three!orders!of!magnitude.1!Most!thiol!and!vinyl!structures!are!easily!accessible!(i.e.,!easy!to!synthesize!or!commercially!available)!and!the!reaction!rate!could!be!also!tuned!by!changing!catalysts!and/or!solvents,!which!could!be!chosen!from!a! large!list!of!chemical! libraries.!This!reaction!versatility!offers!a!freedom!to!select! the! right! components! to! construct! specific! polymer! structures! under! desirable!reaction! conditions.! However,! there! have! only! been! a! limited! numbers! of! reports! to!elucidate!and!utilize!the!selectivity!between!multiple!functional!groups.!One!good!example!of! this! approach! is! demonstrated! by!Ma! et) al.! in! which! they! designed! a! compound! that!possesses!both!acrylate!(more!reactive)!and!methacrylate!(less!reactive)!functional!groups!and!used!it!to!chemoselectively!react!with!thiols!via!the!thiolDMichael!addition!reaction!for!dendrimer!growth.2!Thus,!we!hypothesized! that!by!understanding! the!reaction!selectivity!between! various! thiols! and! vinyls! and! being! able! to! react! them! in! specific! order! will!provide!an!indispensable!tool!for!constructing!wellDdefined,!complex!polymer!architectures.!!! The! overall! objective! of! this! thesis! is! to! establish! methods! to! spatially! and/or!temporally! control! the! thiolDMichael! addition! reaction! and! also! understand! the! relative!reactivities! and! selectivities! of! various! functional! groups! and! catalysts! that! are!incorporated!in!this!reaction,!to!achieve!materials!with!wellDdefined!network!structures!for!high!performance!polymers,!smart!materials!and!facile!construction!of!dendrimers.!Specific!aims!to!meet!this!objective!are:!!
Specific( Aim( #1:! Develop! initiator! systems! for! the! thiolDMichael! addition! reaction! to!achieve!spatial!and!temporal!control!of!the!reaction.!
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!
Specific( Aim( #2:! Evaluate! the! reactivity! differences! between! chemical! structures! of!catalysts! and! functional! groups! in! the! thiolDMichael! addition! reaction,! and! assess! the!functional!group!relative!selectivities.!!
Specific(Aim(#3:!Evaluate!the!thiolDMichael!addition!reaction!for!specific!applications!that!require!wellDdefined!polymer!structures.!! !!! In!specific!aim!#1,!firstly!tunable!induction!times!for!temporal!control!of!the!thiolDMichael! addition! reaction!were! presented! using! a! combination! of! a! nucleophile! initiator!and! an! acid! inhibitor.! Kinetic! studies! proved! that! functional! group! conversions! for! both!thiols! and! vinyls!were! negligible! during! the! induction! time,! and! rapidly! increases! in! the!order! of!minutes! once! the! reaction!was! initiated.! Induction! times!were! tunable! from! as!short! as! a! few! minutes! to! over! twenty! minutes,! reaching! high! conversions! and! not!sacrificing! the!reactivity!by!delaying! the!reaction.!The!delay!mechanism!was! investigated!using! both! experimental! studies! and!modeling,! and! it! was! found! that! the! relatively! low!nucleophilicity!of!the!triphenylphosphine!and!the!low!pKa!of!its!conjugated!base!were!the!key! to! achieving! these! induction! times! by! a! slow! initiation! step.! Secondly,! a! visibleDlight!sensitive! photobase! generating! system! was! developed! and! was! demonstrated! that! the!thiolDMichael! addition! reaction! proceeds! without! any! radicalDmediated! side! reactions.! A!combination! of! sensitizer! (isopropylthioxanthone),! photobase! generator!(tetraphenylborate! complex)! and! radical! inhibitor! (2,2,6,6DtetramethylpiperidineD1Doxyl)!was! shown! to! possess! an! ability! to! release! base! to! catalyze! the! thiolDMichael! addition!
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reaction! between! thiol! and! acrylate! or! vinyl! sulfone! with! almost! no! indication! of! vinyl!homopolymerization.! These! initiator! systems! with! spatial! and! temporal! control! were!applied!to!form!crosslinked!materials!that!were!conventionally!very!difficult!to!form!due!to!the!high!rates!of!the!thiolDMichael!addition!reaction.!!! In! specific! aim! #2,! we! investigated! the! relative! reactivity! and! selectivity! of! vinyl!sulfones!and!acrylates!for!the!thiolDMichael!addition!reaction.!Results! indicated!that!vinyl!sulfones!react!preferentially!with!thiols,!even!in!a!system!that!contains!both!vinyl!sulfone!and! acrylate! functional! groups.! Furthermore,! the! selectivities! of! various! combinations! of!thiols!and!vinyls!were!assessed,!which!provided!various!functional!group!pairs!that!include!much! more! reactive! and! much! less! reactive! functional! groups! with! relative! selectivity!higher!than!99%.!!! In!specific!aim!#3,! the!outcomes!of!specific!aim!#1!and!#2!were!utilized!to!design!wellDdefined!macromolecular!architectures.!In!the!first!example,!kinetically!selective!thiolDMichael!addition!reactions!were!applied!to!dendrimer!synthesis.!Trifunctional!vinyl!(A*A2!)!and! thiol! (B*B2)! monomers! were! designed! and! synthesized! based! on! the! reaction!selectivity,!both!possessing!one!much!more!reactive!and!two!much!less!reactive!moieties.!Starting!from!a!multifunctional!core!thiol,!a!5th!generation!dendrimer!with!96!peripheral!functional!groups!was!synthesized!in!less!than!a!half!day!by!sequentially!reacting!A*A2!and!B*B2!monomers!all!under! thiolDMichael!addition!reaction!conditions.!Furthermore,!a!oneDpot! dendriticDlinear! polymer! conjugation! was! demonstrated! by! a! convergent! synthesis!approach! starting! from! an! alkyneDterminated! dendron! synthesis! that! was! subsequently!
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coupled!with! an! azideDterminated!poly(ethylene! glycol),! all! in! oneDpot!with! just! a! single,!final!purification!step!needed!for!the!entire!procedure.!In!the!second!example,!a!polymeric!material!with!two!narrow!glass!transition,!homogeneous!networks!were!created!by!thiolDMichael! addition! reaction! based! on! dramatically! different! reactivities.! Polymer! networks!were!created!sequentially!but!with!all!monomers!present!and!uniformly!mixed!prior!to!any!polymerization.! These! materials! exhibited! triple! shape! memory! effect! with! stable!transitional!shape!between!two!Tgs!owing!to!narrow!transitions!of!two!networks.!!
2.1( References(
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Chapter(3(
(
Temporal(Control(of(Thiol=Click(Chemistry(
(Manuscript!published!under!the!same!title!in!Chemistry)of)Materials.!Chatani,!S.;!Sheridan,!R.!J.;!Podgórski,!M.;!Nair,!D.!P.;!Bowman,!C.!N.!Chem.)Mater.!2013,!25,!3897D3901.!
(
!! A!chemical!clock!protocol!that!enables!enhanced!temporal!control!over!the!onset!of!two! baseDcatalyzed! ‘click’! reactions,! the! thiolDMichael! addition! reaction! and! the! thiolDisocyanate!reaction,!is!described!and!used!in!polymerization!reactions.!Initiating!protocols!with!predictable!induction!times!for!both!click!reactions!are!developed!and!characterized!using! a! pair! consisting! of! an! electron!deficient! vinylic! species! and! a! nucleophile!with! an!acid.! The! approach! was! successfully! demonstrated! such! that! the! reaction! onset! is!effectively!and!predictably!delayed!by!up!to!twenty!minutes,!with!rapid!complete!reaction!following! the! controllable! induction! period.! By! implementing! initiation! systems! with!varying! relative! concentrations! of! the! electron! deficient! vinyl,! nucleophile! and! acid,! this!approach!to!formulating!a!comprehensive!initiator!system!affords!a!previously!unavailable!
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degree! of! temporal! control! that! is! extremely! useful! for! designing! and! processing!crosslinked!polymers!and!other!thiolDMichael!and!thiolDisocyanate!polymerizations.!!
3.1.( Introduction(! Nucleophilic! reactions! of! thiols! with! several! functional! groups! such! as! electron!deficient! vinylic! species! (i.) e.,! thiolDMichael! addition! reaction),! isocyanates! and! epoxides!proceed!extremely!efficiently!with!minimal!catalyst!loadings!and!no!byproducts!at!ambient!temperature;! thus! they! are! widely! considered! ‘click’! reactions.1–4! They! are! frequently!implemented! in! areas! of! polymer! synthesis5–12! and! functionalization,13,14! surface!modification15–17! and! hydrogel! formation.18–22! The! general! schemes! for! both! the! thiolDMichael!addition!and!thiolDisocyanate!reactions!are!in!Scheme!3.1.!A!consistent!observation!has!been!the!efficiency!and!rapidity!with!which!these!reactions!proceed!when!a!base!or!a!nucleophile23!catalyst!is!used.!The!rapid!reaction!is!attributed!to!the!low!pKa!of!thiols!and!their!ease!of!deprotonation,!along!with!the!exceptionally!high!nucleophilicity!of!the!thiolate!anion.!
!Scheme!3.1.!General!schemes!of!thiolDMichael!addition!and!thiolDisocyanate!reactions.!!! Though& both& the& thiolDMichael( addition( reaction( and( the( thiolDisocyanate* reaction*meet$the$ ‘click’$criteria$ in$terms$of$rapid$reaction$rates,$high$conversions$and$having$vast$libraries( of( commercially! available' monomers,' the' lack' of' temporal' control' over' the'
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initiation&of&both&reactions&is&a&major&deterrent.&&In&particular,&this&issue&limits&wideDspread'implementation* in* materials* chemistry* applications,* especially* for* applications* such* as*coatings,*casting&or&molding,&as&these&applications&require&low&initial&polymerization&rates&to#enable#processing#yet#demand#a#high#overall#conversion#in#a#short#time#period#for#high#productivity., Further,, direct, formation, of, crosslinked, thiolDisocyanate* networks* has* not$been$fully$explored$despite$their$desirable$thermal$and$mechanical$properties,4!mainly'due'to#the#lack#of#control#over#exceptionally#rapid#reaction#rates#of#both#components.#Attempts#at# reducing# the# rapidity# of# the# reaction# rate# by#decreasing# the# catalyst$ concentration$ are$highly&inefficient&and&cause&a&monotonic&reduction&in&the&overall&reactivity,&leading&to&long&reaction) times) and/or) lower) overall) monomer) conversions.23! A" combination" of" a" lower"catalyst'concentration'and'reacting'at'higher'temperatures'could'also%be%used%as%a%trigger%to#increase#the#reaction#rate#and#overall#reaction#conversion;#however,#this#approach#would#compromise) the) facile,) ambient) nature) of) the) thiolDclick% reactions,% thus% complicating% the%processes.(Therefore,(a(significantly(more(desirable%approach%would%be%an%ability%to%control%the$ reaction$ kinetics$ at$ the$ onset$ of$ thiolDclick% reactions% via% a% timeDclock% reaction%mechanism)without!subsequently*impacting*the*progression*of*the*reaction.*Hu*et#al.!have%shown& that& the& formaldehydeDsulfite( clock% reaction% could% be% used% as% a% timeDlapse& base&catalyst' for' the' thiolDMichael( addition( reaction.24!Studies( have( also( shown( that( the( ureaDurease& reaction& could& be& used& as& a& pH& switch.25! Although( this( specific( approach& lends&temporal) control) over) the) reaction,) the) reactions) were) performed) under) aqueous)conditions,) which) are) not) ideal) for) many) situations) where) bulk) reactions) are) desired.)Similarly,) for) photobase) generators,) in) which) exposure) to) light) is) used) to) initiate% the%reaction,26–29! Dietliker( et# al.! have% reported% that% photolatent% tertiary% amines% efficiently%
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catalyze( the( thiolDisocyanate* reaction* and* provide* temporal* control.26! Xi# et# al.!demonstrated*that*a*caged*primary*amine*triggers*the*thiolDMichael(addition(reaction(upon(UV# irradiation.29! Although( these( examples( exhibit( temporal( control( of( the! reactions,+reduced& reaction& rate& and/or&heterogeneity& of& the& reaction& remain&problems& for& systems&which%have%a%high%degree%of%light%attenuation%or%where%bulk%or%dark%cure%is%desired.!To! overcome! these! limitations,! we! focused! on! a! base! generating! system! that! was!formulated!from!an!electron!deficient!vinyl!and!a!nucleophile.!Numerous!reactions!such!as!the! thiolDMichael! addition! reaction,1–3,23,30,31! thiolDisocyanate! reactions,8! hydration! and!hydroalkoxylation! of! electron! deficient! vinyls,32! Henry! reaction33! and! cyanosilylation!reaction34!can!be!catalyzed!by!a!pair!of!electron!deficient!vinyls!and!nucleophiles!as!base!initiators.!The!initial!step!consists!of!an!attack!of!the!nucleophile!on!an!electron!deficient!vinyl,! which! generates! a! zwitterionic! species! that! is! strongly! basic.23,31! This! strong! base!sequentially! catalyzes! the! following! reactions.! Recent! studies! have! shown! that! the!induction! time! is!observed! for! a!nucleophileDmediated! thiolDMichael! addition! reaction!by!varying! the! nucleophile! concentration! within! the! formulations.31! The! presence! of! protic!species! was! shown! to! have! a! large! impact! on! the! reaction! kinetics,! slowing! down! the!reaction!and!in!extreme!cases,!completely!inhibiting!the!reaction.!From!these!observations,!we!hypothesized!that!the!duration!of!an!induction!time!will!be!predictably!controlled!by!a!combination! of! nucleophile! initiation! and! proton! inhibition! through! formulating! an!initiator!system!with!appropriate!concentrations!of!each!species.!!
3.2.( Experimental(
3.2.1.( Materials(
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! Dimethylphenylphosphine! (DMPP),! methyldiphenylphosphine! (MDPP),!triphenylphosphine! (TPP),! methanesulfonic! acid! (MsOH),! triethylamine! (TEA),! ethyl!acrylate!(EA),!diethyleneglycol!diethylether!(DEGDE),!hexamethylene!diisocyanate!(HMDI)!and!DMSODd6!were!purchased!from!SigmaDAldrich!and!used!as!received.!Ethyl!vinyl!sulfone!(EVS)! and! divinyl! sulfone! (DVS)! were! purchased! from! Oakwood! Chemicals.!Trimethylolpropane! tris(3Dmercaptopropionate)! (TMPTMP)! and! pentaerythritol!tetrakis(3Dmercaptopropionate)!(PETMP)!were!donated!by!Bruno!Bock.!The!thiols,!vinyls,!isocyanates,!nucleophiles!and!bases!used!in!this!study!are!detailed!in!Fig.!3.1.!
!Figure! 3.1.! Chemical! structures! of! the! thiols,! vinyls,! isocyanates,! nucleophiles! and! bases!used!in!this!study.!!
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Fourier( transform(infrared(spectroscopy((FT=IR).( (FTDIR!experiments!were!performed!using!a!Nicolet!Magna!760.!The!thiolDMichael!addition!reaction!conversion!vs.!time!plot!was!obtained!by!measuring!the!decrease!in!the!intensity!of!thiol!peak!absorbance!at!2570!cmD1,!vinyl!sulfone!peak!at!3054!or!700!cmD1!and!acrylate!peak!at!1636!cmD1.!The!thiolDisocyanate!reaction!conversion!vs.!time!plot!was!obtained!by!measuring!the!increase!in!the!intensity!of!thiourethane!linkage,! i.)e.,! thiolDisocyanate!reaction!product,!at!6620!cmD1.!Reactions!were!performed! between! two! sodium! chloride! crystals! (midDIR)! or! two! glass! slides! (nearDIR)!under! ambient! conditions.! 0.050! mm! thickness! spacers! were! used! to! keep! the! sample!thickness!constant.!Conversions!were!calculated!using!the!ratio!of!peak!areas!to!the!peak!area!prior!to!the!reaction.!All!kinetic!experiments!were!conducted! in!triplicate!with!good!reproducibility.!Representative!kinetic!profiles!are!shown!in!the!figures.!
1H( NMR( spectroscopy.! ! NMR! spectra! were! recorded! on! a! Bruker! AvanceDIII! 400! NMR!spectrometer! at! 25! °C! in! DMSODd6.! All! chemical! shifts! are! reported! in! ppm! relative! to!tetramethylsilane!(TMS).!
Dynamic( Mechanical( Analysis( (DMA).! ! DMA! experiments! were! performed! using! a! TA!Instruments! Q800! dynamic!mechanical! analyzer.! Sample! dimensions!were! 10!! 4!! 1!mm.! Sample! temperature! was! ramped! at! 3! °C/min! with! a! frequency! of! 1! Hz.! Glass!transition! temperature! (Tg)!was! assigned! as! the! temperature! at! the! tan! delta! curve.! The!rubbery!modulus!was!measured!at!Tg!+!35!°C.!
General( procedure( for( the( thiol=Michael( addition( reaction.! ! The! thiol! reactant! and!nucleophile!or!base!were!added!to!a!glass!vial!and!thoroughly!mixed.!MsOH!and/or!DEGDE!were! added! to! this! mixture! if! used.! Vinyl! sulfone! and/or! acrylate! were! added! to! the!
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mixture!and!mixed!vigorously!to!start!the!thiol–Michael!addition!reaction.!The!mixture!was!further!used!for!FTDIR!and!1H!NMR!measurement.!
Procedure( for( the( thiol=isocyanate( reaction.! ! PETMP! (thiol),! TPP! (nucleophile)! and!MsOH!(acid)!were!added!to!a!glass!vial!and!thoroughly!mixed.!HMDI!(isocyanate)!and!DVS!(vinyl! sulfone,! coDinitiator)!were!mixed! in! a! separate! vial.! The! contents! of! the! two! vials!were!mixed!together!vigorously!for!30!sec!to!start!the!thiolDisocyanate!reaction.!Then,!the!mixture!was!positioned!for!FTDIR!measurement!to!record!the!kinetic!profile!of!the!reaction.!
Kinetic' profile' simulation' of' the' thiol=Michael( addition! reaction.! !The$kinetic$model$was$programmed$ in$MATLAB,$ solving$differential$ equation$over$ the$ time$ range$ required.$The$model$was$created$to$qualitatively$validate$the$hypotheses$and$reasonable$qualitative$values' for' these'kinetics'constants'gave' these'predictions,)and) the)qualitative)predictions)were$ not$ sensitive$ to$ the$ exact$ numbers$ used.$ Kinetic$ constants$ were$ deduced$ by$eliminating)degrees)of) freedom)using)pKa!values' for'acidDbase%reactions,% improving% initial%guesses% via% least% squares% fitting,% and% manual# adjustment# of# parameters# to# improve#qualitative) fit.) Rate) constants) of) reverse) reactions) (krev)" for" acidDbase% reactions% were%estimated(from(Eq.(1(using(rate(constants(of(forward(reactions((kfwd)"and"pKa!values.!! !!"# = !!!"#×10(!"! !! !!"! !" )!!! (1)!Extraction!of!useful!kinetic!parameter!estimates!was!not!attempted!since!the!model!could!not!capture!high!rates!of!the!thiolDMichael!addition!reaction,!which!could!be!attributed!to!the!reaction!exotherm!that!was!not!considered!in!the!model.!!
3.3.( Results(and(discussion(
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! Initially,! a! reaction!between!a! trifunctional! thiol! (TMPTMP)!and!a!monofunctional!vinyl! (EVS)!was!chosen!as!a!model!system!to! test! the!hypothesis.!The!phosphines,!DMPP!and!MDPP!were!chosen!as!the!nucleophilic!species,!with!MsOH!as!an!acid!reagent!(i.e.,!the!protic!species).!The!concentrations!of!the!nucleophilic!species!and!acid!reagent!were!in!the!range! of! 0.1! –! 0.5!mol%.! This! combination! led! t3.o! almost! no! control! of! the! subsequent!reaction:! varying! concentration! of! MsOH! within! this! initiator! system! led! to! either!instantaneous! reactions! or! no! observable! reactions! depending! on! the! amount! of! MsOH!added.!These!observations!were!attributed!to!the!extremely!high!nucleophilicities!of!DMPP!and!MDPP,!as!it!was!noted!that!the!base!initiation!and!the!following!thiolDMichael!addition!reaction! would! take! place! instantaneously,! even! with! concentrations! less! than! 0.05!mol%.23,31! A! slight! excess! of! acid! relative! to! the! nucleophile! led! to! protonation! of! most!phosphines,! which! diminishes! their! nucleophilic! character! and! inhibited! the! reaction!completely,! whereas! a! minute! reduction! in! the! acid! concentration! led! to! essentially!instantaneous!initiation!of!the!reaction!by!the!remaining!unprotonated!nucleophiles.!As!the!highly!nucleophilic!phosphines!were!seen! to!be!extremely!sensitive! to! the!nucleophile! to!acid!ratio,!the!less!nucleophilic!TPP!was!considered.!!
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!Figure!3.2.!Thiol!conversion!as!a!function!of!time!for!(a)!TMPTMP/EVS!systems!with!4.0!M!thiol!functional!groups,!4.0!M!vinyl!sulfone!functional!groups!and!0.04,!0.08!or!0.20!M!TPP,!(b)!TMPTMP/EVS!systems!with!4.0!M!thiol!functional!groups,!4.0!M!vinyl!sulfone!functional!groups,!0.20!M!TPP!and!0.010,!0.022!or!0.041!M!MsOH.!Diethyleneglycol!diethylether!was!the! solvent! for! all! systems.! (a)! The! thiolDMichael! addition! reaction! rate! increases! with!higher! concentrations! of! TPP,! although! still! within! a! timescale! observable! by! FTDIR.! (b)!Addition! of! MsOH! generates! a! controllable! induction! time,! which! increases! with! higher!MsOH! concentrations;! however,! the) reaction) rate) remains) largely) unchanged) after) the)
induction)period.!!! Fig.!3.2a!shows!the!kinetic!profiles!for!the!reaction!of!TMPTMP!and!EVS!using!TPP!as! the!nucleophilic!species.!The!reaction!was!easily!controlled! in! the!order!of!minutes!by!using!moderate!concentrations!of!TPP!(0.04!–!0.20!M).!Fig.!3.2b!shows!the!kinetic!profiles!of!the!same!reaction!using!0.20!M!TPP!and!various!concentrations!of!methanesulfonic!acid!(MsOH,! 0.010! –! 0.041! M).! Induction! times! varying! from! 6! to! 20! minutes! were! readily!achieved! in! all! systems,! and! there! was! a! direct! correlation! between! the! MsOH!concentration! and! the! induction! times! observed! (Table! 3.1,! entry! 1! –! 4).! Another!interesting! aspect! of! this! initiating! system!was! that! even! though! considerable! ranges! of!induction!times!could!be!obtained!based!on!the!relative!concentrations!of!the!components,!once! initiated,! the! reaction! rate!was! comparable! to! that! of! an! initiating! system!with! no!
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MsOH!present.!This! feature! is!obviously!unique!and!highly!valuable!when!compared! to!a!simple!decrease!in!TPP!concentration!as!shown!in!Fig.!3.2a,!since!0.08M!TPP!led!to!only!4!min! induction! time! with! a! reaction! rate! of! 0.23! M! minD1! (Table! 1,! entry! 4! and! 5).!Quantitative!functional!group!conversion!was!readily!achieved!after!a!few!hours!of!reaction,!which!demonstrates!that!an!addition!of!MsOH!did!not!sacrifice!the!ultimate!conversion!that!is! achieved! (Fig.! 3.3).! Moreover,! this! kinetic! behavior! was! not! observed! when! using! a!combination! of! base! (TEA)! and! MsOH,! in! which! an! addition! of! MsOH! was! observed! to!decrease! the!reaction!rate!and!did!not!generate!any!discernable!delay! in! the! initiation!of!the!thiolDMichael!addition!reaction!(Fig.!3.4).!Kinetic!studies!with!various!amounts!of!TPP!and!MsOH!revealed!that!the!induction!time!and!the!reaction!rate!could!be!easily!and!nearly!independently!tuned!by!altering!concentrations!of!either!or!both!species!(Fig.!3.2b!and!Fig.!3.5).!!Table! 3.1.! Duration! of! induction! times! and! initial! rates! of! the! thiolDMichael! addition!reaction!by!using!TPP/(MsOH)!initiator!system!for!the!reaction!of!TMPTMP!and!EVS.!!
!aMeasured!as!a!time!to!reach!5%!thiol!conversion.!bCalculated!based!on!from!5!to!50%!thiol!conversion.!!
entry [Thiol] [Vinyl] [TPP] [MsOH] Induction7time
a
(min)
Rateb
(M7min>1)
1 4.0 4.0 0.20 > 2.4 0.65
2 4.0 4.0 0.20 0.010 6.4 0.39
3 4.0 4.0 0.20 0.022 11.6 0.31
4 4.0 4.0 0.20 0.041 20.7 0.24
5 4.0 4.0 0.08 > 4.0 0.23
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!Figure!3.3.!Thiol!conversion!as!a!function!of!time!for!TMPTMP/EVS!system!with!4.0!M!thiol!functional!groups,!4.0!M!vinyl!sulfone! functional!groups,!0.20!M!TPP!and!0.041!M!MsOH.!Corresponds!to!Fig.!3.2b!(0.041!M)!with!extended!reaction!time.!Thiol!conversion!reaches!0.95!in!3!hours.!!
!Figure!3.4.!Thiol!conversion!as!a!function!of!time!for!(a)!TMPTMP/EVS!system!with!4.0!M!thiol!functional!groups,!4.0!M!vinyl!sulfone!functional!groups!and!0.04!or!0.20!M!TEA.!(b)!TMPTMP/EVS! system!with! 4.0!M! thiol! functional! groups,! 4.0!M! vinyl! sulfone! functional!groups,! 0.033! M! TEA! and! 0.019! M! MsOH.! Diethyleneglycol! diethylether! was! used! as! a!solvent! for!all! systems.! (a)!The! rate!of! the! thiolDMichael! addition! reaction! increases!with!higher! concentration!of!TEA.!TEA! showed!higher! rate! of! reaction! compared! to!TPP!with!same!concentration!(Fig.!3.2a).! (b)!Addition!of!MsOH!significantly!decreased! the!reaction!rate;!however,!it!did!not!generate!an!induction!time!as!in!the!TPP/MsOH!system!(Fig.!3.2b)!and!the!observed!kinetic!behavior!was!completely!different.!!
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!Figure!3.5.!Thiol!conversion!as!a!function!of!time!for!TMPTMP/EVS!system!with!4.0!M!thiol!functional!groups,!4.0!M!vinyl!sulfone!functional!groups,!0.32,!0.41!or!0.49!M!TPP!and!fixed!MsOH!concentration!of!0.042.!The!duration!of!the!induction!time!could!be!adjusted!simply!by! changing! the! TPP! concentration.! The! rate! of! the! thiolDMichael! addition! reaction! also!increases!with!the!concentration!of!TPP.!!! Moving!on!from!the!model!system!to!study!the!efficiency!of!the!initiating!system!to!generate! a! crosslinked! polymer,! the! trifunctional! thiol! TMPTMP! was! reacted! with! a!difunctional! vinyl,! DVS.! The! generation! of! an! induction! time! was! also! confirmed! in! this!crosslinked! polymer! system! as! the! thiolDMichael! addition! reaction! did! not! start! until! 3!minutes!after!the!monomers!were!mixed,!with!the!thiol!conversion!rapidly!increasing!up!to!80%!within!the!next!5!minutes!(Fig.!3.6)!to!form!a!polymer!with!Tg!of!28!°C!and!rubbery!modulus!of!8!MPa.!
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!Figure!3.6.!Thiol!conversion!as!a!function!of!time!for!a!reaction!between!TMPTMP!and!DVS.!The!thiol!to!vinyl!sulfone!ratio!was!1:1!(stoichiometry).!1.0!wt%!TPP!and!0.3!wt%!MsOH!were! used.! Almost! no! viscosity! change! was! observed! until! 3! minutes! after! mixing! all!reagents! together.! Extremely! rapid! polymerization! occurred! after! 3! minutes! to! form! a!crosslinked!polymer,!which!could!be!clearly!observed!from!the!kinetic!profile.!!! Scheme!3.2!shows!the!proposed!mechanism!by!which!the!induction!time!using!this!approach!is!generated.!Initially,!MsOH!reacts!with!TPP!1!and!forms!a!conjugate!acid!2.!This!reaction!results!in!a!decrease!of!TPP!1!and!consequently!reduces!the!rate!of!zwitterion!4!formation.!The!protonation!of!zwitterion!4!by!a!conjugate!acid!2!also!aids!the!inhibition!of!the! subsequent! thiolDMichael! addition! reaction! and,! importantly,! irreversibly! removes! a!proton! from! the! system!with! every! cycle.! This! consumption! and! regeneration! of! TPP!1!functions!as!a!‘chemical!clock’!which!delays!the!onset!of!the!reaction.!Although!not!shown!in!Scheme!3.2!for!clarity,!the!thiolate!anion!7!and!the!thiolDMichael!reaction!intermediate!8!can!similarly!be!protonated!to!6!and!9,!respectively,!thus!leading!to!almost!no!conversion!of!the!monomer!until!the!acid!present!throughout!the!system!is!depleted.!Generation!of!an!induction! time!was! successfully! reproduced!by! solving! the!differential! equations!derived!from!this!proposed!mechanism!with!estimation!of!kinetic! constants! (Scheme!3.3,!Fig.!3.7!and!3.8).!The!model!also!supported!that!the!concentration!of!a!conjugate!acid!2!decreases!
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with!time,!and!the!thiolDMichael!addition!reaction!is!initiated!after!2!is!depleted!(Fig.!3.9).!It!is! important!to!note!that!the!moderate!nucleophilicity!of!TPP!1!plays!a!significant!role! in!the!efficiency!of!this!initiating!system;!as!it!slows!down!the!generation!of!zwitterion!4!and!delays!the!consumption!of!acids!to!the!order!of!minutes.!Possibly,!this!retarded!reaction!is!the! main! reason! that! the! initial! studies! with! DMPP! and! MDPP! provided! almost! no!observable! induction! time.!To!clarify! further! that! the! rate!of!nucleophilic!attack!between!TPP!and!EVS!plays!a!crucial!part!in!inhibiting!the!reaction,!1H!NMR!was!conducted!using!a!mixture!of!0.1!M!EVS!and!0.1!M!TPP!in!DMSODd6.!No!formation!of!zwitterion!was!observed!even!after!10!hours!(Fig.!3.10a).!However,!DMPP!studied!under!the!same!conditions!led!to!full!conversion!of!EVS!(Fig.!3.10b).!In!the!presence!of!MsOH!with!higher!TPP!concentration,!EVS! eventually! reached! full! conversion! after! 1! week! of! reaction,! which! supports! the!observation! that! TPP! can! act! as! a! nucleophile,! although! its! reaction! rate! between! vinyl!groups!is!very!low.!!
!Scheme! 3.2.! The! proposed! mechanism! for! the! thiolDMichael! addition! reaction! with! a!chemical!clockDmediated!induction!time.!!
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Scheme!3.3.!Chemical!reaction!equations!and!kinetic!constants!used!for!the!modeling!of!the!thiolDMichael!addition!reaction.!The!thiol!:!vinyl!sulfone!:!TPP!:!MsOH!system!was!used!as!a!model.!!
Kinetic)constants)
)(MU1minU1)for)second)order)reaction,)minU1)for)first)order)reaction))
)
k1 = 1.0 × 101 
k2 = 2.0 × 10-4 
 
 
k3 = 1.4 × 10-1 
k4 = 7.0 × 101 
 
 
k5 = 4.0 × 10-1 
k6 = 2.0 × 10-22 
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!Figure!3.7.!Kinetic!profile!simulations!for!the!reaction!system!used!in!Fig.!3.2b.!Each!kinetic!profile!could!be!simulated!with!high!reproducibility.!!
!Figure!3.8.!Kinetic!profile!simulations!for!the!reaction!system!used!in!Fig.!3.5.!Each!kinetic!profile!could!be!simulated!with!high!reproducibility.!!
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!Figure!3.9.!Kinetic!profile! simulations! for! the!reaction!system!used! in!Fig.!3.2b.!TMPTMP!conversion! (left! axis)! and! TPPH! (protonated! TPP)! concentration! (right! axis)! are! shown.![TMPTMP]! :! [EVS]! :! [TPP]! :! [MsOH]!=!4.0! :! 4.0! :! 0.20! :! 0.041! system!was!used.!TMPTMP!conversion!starts!increasing!immediately!after!TPPH!is!depleted.!!
!
!
!
!Figure!3.10.!1H!NMR!spectra!of!(a)![EVS]!:![TPP]!=!!0.1!:!0.1!in!DMSODd6!after!14!hours!of!reaction! and! (b)! [EVS]! :! [DMPP]! =! 0.1! :! 0.1! in! DMSODd6! after! 14! hours! of! reaction.! (a)!
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Almost!no!reaction!was!observed!from!the!EVS!and!TPP!mixture.!(b)!The!double!bond!peak!disappeared!completely,!which!shows!that!EVS!reacted!with!DMPP.!The!arrow!A!indicates!the!generation!of!a!zwitterion,!whereas!the!arrow!B!indicates!the!generation!of!an!addition!byproduct!between!a!zwitterion!and!EVS.!Therefore,! the!TPP!conversion!was! lower! than!100%.!!! The! effect! of! the! type! of! vinyl! species! present! in! the! reaction! was! examined! by!replacing! the!EVS!with!EA! in! a! reaction!with!TMPTMP.!EA!was! expected! to! show! longer!induction! time! due! to! the! less! electron! deficient! character! of! the! vinyl! group! when!compared!to!EVS,!which!should!in!turn!lead!to!a!lower!rate!of!nucleophilic!attack.!However,!EA!unexpectedly!showed!much!shorter!induction!times!with!the!same!concentration!of!TPP!and!MsOH! (Fig.! 3.11).! To! clarify! this! effect,! TMPTMP!was! reacted! with! various! EA/EVS!ratios!with!a!fixed!thiol!to!vinyl!ratio!(1!to!1).!In!all!systems!EVS!actually!reacted!faster!than!EA,!indicating!that!the!thiolDMichael!addition!reaction!proceeds!faster!for!EVS!than!EA!(Fig.!3.12).!This!observation!led!to!a!hypothesis!that!the!rate!of!zwitterion!protonation!for!the!EVS/TPP!system!is!lower!than!for!the!EA/TPP!system!probably!due!to!steric!effects!of!the!bulky!triphenylphosphine!and!sulfone!moieties!that!are!close!to!the!negative!charge!of!the!EVS/TPP! zwitterionic! species,! and/or! lower! basicity! of! EVS/TPP! zwitterionic! species!which!is!more!resonance!stabilized!than!that!of!EA/TPP.!In!support!of!this!hypothesis,!the!kinetic! model! reproduced! these! observations! using! a! smaller! kinetic! constant! for! EVS!zwitterion! protonation,! despite! a! larger! kinetic! constant! for! the! TPP/EVS! nucleophilic!attack!(Scheme!3.4,!Fig.!3.13).!
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!Figure!3.11.!Concentration!of!reacted!species!as!a!function!of!time!for!(a)![TMPTMP]!:![EVS]!:![TPP]!:![MsOH]!=!4.0!:!4.0!:!0.40!:!0.05!system!and!(b)![TMPTMP]!:![EA]!:![TPP]!:![MsOH]!=!4.0!:!4.0!:!0.40!:!0.05!system.!Unexpectedly,!the!acrylate!showed!a!much!shorter!induction!time!and!a!higher!reaction!rate.!
!Figure!3.12.!Concentration!of!reacted!species!as!a!function!of!time!for!(a)![TMPTMP]!:![EVS]!:![EA]![TPP]!:![MsOH]!=!4.0!:!2.8!:!1.2!:!0.40!:!0.05!system,!!(b)![TMPTMP]!:![EVS]!:![EA]![TPP]!:![MsOH]!=!4.0!:!2.0!:!2.0!:!0.40!:!0.05!system!and!(c)![TMPTMP]!:![EA]!:![TPP]!:![MsOH]!=!4.0!:!1.2!:!2.8!:!0.40!:!0.05!system.!Vinyl!sulfones!reacted!much!faster!than!acrylates!in!all!these!systems.!!
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Scheme! 3.4.! Chemical! reaction! equations! and! kinetic! constants! that! are! added! to! the!equations!and!values!shown!in!Scheme!3.3!for!modeling!thiol!:!vinyl!sulfone!:!acrylate!:!TPP!:!MsOH!systems.!!
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k23 = 2.0 × 10-2 
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!
!Figure!3.13.!Kinetic!profile!simulation!of!the!reaction!systems!shown!in!Fig.!3.11!and!3.12.!Each!kinetic!profile!could!be!simulated!with!high!reproducibility.!!! The! efficiency! of! the! initiating! system! developed! here!with! the! electron! deficient!vinyl!and!nucleophile!pair!via!the!same!base!generation!mechanism!was!then!studied!in!the!thiolDisocyanate! reaction.! As! previously! noted,8! the! thiolDisocyanate! polymerization!reaction! could! also! be! catalyzed! by! a! nucleophile/electron! deficient! vinyl! coDinitiator!system.!Catalytic!quantities!of!electron!deficient!vinyls!are!needed!as!coDinitiators! for! the!reaction!to!proceed,!and!the!base! initiation!mechanism!is!proposed!to!be!the!same!as!for!the! thiolDMichael! addition! reaction.! Therefore,! the! initiating! system! was! modified! to!include! DVS! and! then! the! TPP/DVS/MsOH! system! was! characterized! for! its! ability! to!
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catalyze! the! thiolDisocyanate! reactions.! Fig.! 3.14! shows! the! kinetic! profile! of! a! reaction!between!PETMP!and!HMDI!initiated!by!TPP/DVS/MsOH,!in!which!an!adjustable!induction!time!was!clearly!observed,!varying! from!4!to!12!minutes! that!corresponds!to!0.2!and!0.4!wt%!MsOH,! respectively.! It! is!worth!noting! that!without! any!MsOH!present,! the! reaction!mixture!gelled!within!20!seconds!while!all!components!were!being!mixed!together.!Since!the! thiolDisocyanate! reaction! is! highly! exothermic,! and! the! reacting! systems! in! Fig.! 3.14!form! glassy! polymer! networks,! both! reactions! did! not! reach! full! conversion! at! ambient!temperature,!and!0.2!wt%!MsOH!system!(90%)!showed!higher!conversion!compared!to!0.4!wt%!MsOH!system!(80%).!However,!both!samples! can!be! fully! cured!by!heating! them!at!80!°C!for!30!minutes!to!form!polymers!with!Tg!of!71!°C!and!rubbery!modulus!of!15!MPa.!The!mechanism!for!this!chemical!clockDmediated!induction!time!is!expected!to!be!similar!to!the!proposed!mechanism! for! the! thiolDMichael! addition! reaction,! essentially! delaying! the!generation!of!the!common!reactive!intermediate,!a!thiolate!anion!7!(Scheme!3.2,!left!cycle).!!
!Figure!3.14.!Thiourethane!group!generation!as!a! function!of! time! for! the! thiolDisocyanate!reaction!between!PETMP!and!HMDI.!The!thiol!to!isocyanate!ratio!was!1!to!1.!A!TPP/DVS!coDinitiator! system!was!used,! and! the! amounts!of! each! reagent!were!1.5!wt%!and!4.0!wt%,!
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respectively.! An! adjustable! induction! time! dictated! by! the! MsOH! concentration,! was!followed!by!a!rapid!polymerization!of!similar!rate!in!each!case.!!
3.4.( Conclusions(! In!conclusion,!we!have!developed!and!demonstrated! that!an! initiating!system!that!consists! of! an! electron! deficient! vinylic! species,! a! nucleophile! and! an! acid! can! provide!predictable!induction!times!for!two!thiolDclick!reactions,!the!thiolDMichael!addition!reaction!and!the!thiolDisocyanate!reaction.!The!duration!of!the!induction!time!was!easily!varied!by!the!concentration!of!each!component!within!the!initiating!system.!Implementation!of!this!initiating!system!to! form!crosslinked!polymer!networks!would!be!extremely!powerful,!as!the!monomer!mixture!can!now!be!handled!as!a! liquid! for!a!programmed!amount!of! time!before! it! can! form!a! crosslinked!network,! followed!by! rapid! crosslinking!polymerization.!Moreover,! this! initiating! system! can! now! be! applicable! to! a! wide! range! of! chemical!reactions! that! can! be! catalyzed! by! the! combination! of! an! electron! deficient! vinyl! and! a!nucleophile!as!an!initiator.!!
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Chapter(4(
(
Visible=Light(Initiated(Thiol=Michael(Addition(Photopolymerization(Reactions(
(Manuscript!published!under!the!same!title!in!ACS)Macro)Letters.!Chatani,!S.;!Gong,!T.;!Earle,!B.!A.;!Podgórski,!M.;!Bowman,!C.!N.!ACS)Macro)Lett.!2014,!3,!315D318.!
(
!! A!visibleDlight!base!generating!system!was!successfully!employed! in!catalyzing!the!thiolDMichael! addition! reaction! to! yield! crossDlinked! polymers! from! a! stoichiometric!mixture! of! model! thiol! and! vinyl! monomers.! Implementation! of! the! radical! inhibitor!TEMPO! with! a! combination! of! a! photosensitizer! (isopropylthioxanthone,! ITX)! and! a!photobase! generator! (triazabicyclodecene! tetraphenylborate,! TBD•HBPh4)! resulted! in!suppression!of!radical!mediated!side!reactions!and!provided!stoichiometric!and!complete!conversion!of!both!thiol!and!vinyl!functional!groups.!The!new!initiating!system!acts!as!an!efficient! visibleDlight! photobase! generator! that! improves! the! orthogonality! of! the! thiolDMichael!addition!with!respect!to!offDstoichiometric!radical!thiolDvinyl!addition/vinyl!chain!reactions.!This!approach!opens!up!a!variety!of!possibilities!for!baseDcatalyzed!reactions!in!
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multiple! applications! such! as! coatings! and! biomaterials! that! require! biocompatible,!environmentally!friendly!and!lowDenergy!visibleDlight!initiation.!!
4.1.( Introduction(! The$ thiolDMichael(addition( reaction( is#a# robust,!highly&efficient& ‘click’& reaction& that&provides)high) functional)group)conversion,)high)reaction)rates!and$orthogonality$ to$other$reactions* under* mild* reaction* conditions," either% in% bulk% or% in! environmentally, benign,solvents.1–4! It# is# an# addition# reaction# between# thiols# and# electron# deficient# vinyls! and$ is$often&catalyzed&by&bases&–!or#more#recently(by!nucleophilic*initiators5–7.!These!advantages)make! this% reaction% a% powerful% tool% in# the! area$ of$ polymer$ chemistry,$most% frequently% in!polymerization,. polymer. functionalization,. surface. modification. and. bioconjugation.4!However,( unlike( other( ‘click’( reactions( such( as( the$ radicalDmediated! thiolDene# reaction1–3!and!the$CuDcatalyzed)alkyneDazide&reaction,8–12!this%thiolDMichael(reaction)lacks)an)efficient)photoinitiating)system,)i.e.,!photobase)generator!(PBG),13–15!that$could$provide$spatial$and$temporal) control) over) its) reaction.) In) addition,# visible# light# initiators!are$ becoming$more$popular," mainly" due" to" the$ ability$ to$ initiate$ with! lower& photon! energies," reduced!cytotoxicity,(compatibility(with(UV(absorbers(and(greater!curing'depths.16!There%are%a%few%reports' of' visible' light' sensitive' PBGs,' which" are" mostly" combinations" of" PBGs" (e.g.,"ΟDacyloximes,, ionic% complexes% of% protonated% base% and% tetraphenylborate! anion)" and"sensitizers( (e.g.,( derivatives( of( isopropylthioxanthone( (ITX),( ketocoumarin).( In( general,(sensitizers(possess( longer(wavelength(absorption&(>&400&nm)&and&allow&PBGs&to&perform&photochemical+ reactions+ via+ triplet+ energy+ transfer+ from+ sensitizers+ to+ PBGs.+ In#consequence,! the$base$could$be$generated$by$ light$with$wavelengths$ that$PBGs$originally$
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could& not& absorb.& Shirai& and& coDworkers' reported% that% photolysis% of% acyloxyimino% and%carbamoyloxyimino,groups,,both,of,which,photoreactions,are,generally,carried,out,by,light,with% wavelength% below% 300% nm,% could% be% performed% with% visible' light' with' wavelength'above&400!nm#using#triplet#sensitizers#such#as#ITX#and#ketobiscoumarin#derivatives.17!ITX$has$ also$ been$ utilized$ as$ a$ sensitizer$ for$ tetraphenylborate+ type+ ionic+ complexes18! to#catalyze(the(thiolDisocyanate*reaction19!and$the$thiolDMichael(addition(reaction.20!However,(in#these#cases,#light#at#320D390$nm$was!used%to%initiate%the%reactions,!and$the$efficiency$of$these%reactions%using%light%above%400%nm%was!not$discussed.$In$addition,$radicalDmediated#side%reactions%such%as%vinylDvinyl&chain&reactions!were$observed$due$ to$ the$generation$of$radicals' from' ITX'and' tetraphenylborate'degradation'products,'which'points'out' that' the$photobase) generating) systems) containing!only!photosensitizers( lack( reaction( control( and(orthogonality.!! In!this!study,!a!radical!inhibitor!2,2,6,6Dtetramethylpiperidine!1Doxyl!(TEMPO)!was!incorporated!into!a!ITX/tetraphenylborate!photobase!system!to!promote!a!stoichiometric!reaction!between!the!thiol!and!vinyl!groups!via!the!traditional!baseDcatalyzed!thiolDMichael!addition!reaction!pathway!by!inhibiting!the!radicals!to!avoid!any!homopolymerization.!!
4.2.( Experimental(
4.2.1.( Materials!! Polyethyleneglycol+ diacrylate+ (PEGDA,+ Mn! =" 575)," 2,2,6,6Dtetramethylpiperidine- 1Doxyl% (TEMPO)% and% phenol! red! were$ purchased$ from$ SigmaDAldrich.) Divinyl) sulfone) was)purchased*from*Oakwood*Chemicals.(Isopropylthioxanthone((ITX)(was(purchased(from(TCI(America.)7DdiethylaminoD3Dthenoylcoumarin.(DEATC).was.purchased.from.Acros.Organics..
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Pentaerythritol, tetrakis(3Dmercaptopropionate),(PETMP),was,donated,by,Bruno,Bock.,All,chemicals)were)used)as)received,"and"are"detailed"in"Fig."4.1."1,5,7DTriazabicyclo[4.4.0]decD5Dene# tetraphenylborate# salt# (TBD•HBPh4)" was" synthesized" according" to" the" literature"procedure.18!
!
!Figure!4.1.!Chemical!structures!of!the!compounds!used!in!this!study.!!
4.2.2.( Methods(
Fourier'Transform' Infrared' Spectroscopy' (FT=IR).!FTDIR#experiments#were#performed$using&Nicolet&670.&Samples&were&prepared&by#placing#the#resin#in#between#either#two#NaCl#salt%plates%(for%PETMP/PEGDA%system)%or%two%glass%slides%(for%PETMP/DVS%system)%using%0.050$mm$thickness$spacers."The$polymerization,reaction,was,initiated,by,an#Acticure'4000'light&source&with&a"400D500#nm#bandpass#filter.#The$light%intensity%was%50%mW/cm2!with%a%visible' light' detector.' The' light% was% switched% on% after% two% minutes% of% data% acquisition.!Functional*group*conversion*was*monitored*by*measuring*a*decrease! in#peak#intensity#at#3100$cmD1,"2560"cmD1!and$810$cmD1! for$vinyl$sulfone,$ thiol$and$acrylate$functional$groups,$
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respectively.,Conversions,were,calculated,by,the,ratio,of,peak,area,to,the,peak,area,prior,to,the$reaction.$!
Ultraviolet=Visible' Spectroscopy' (UV=Vis).!UVDVis$experiments$were$performed$using$a$UVDVis$spectrophotometer$(ThermoDFischer(Scientific).(Sample(solutions(were(analyzed(in(PMMA$ cuvettes$ with$ 1$ cm$ path$ lengths.$ Data$ was$ collected$ in$ absorbance$mode$ with$ a$bandwidth)of)2)nm)and)a)scan)speed!of#240#nm/min.!
Dynamic( Mechanical( Analysis( (DMA).! DMA$ experiments$ were$ conducted$ using$ TA$Instruments) Q800) dynamic) mechanical) analyzer.) Samples) were) prepared) by)photopolymerization. in. a. glass. cell.with.0.250.mm. thickness. spacer.using.Acticure.4000.light& source& with& 400D500# nm# bandpass# filter.# Light# intensity# was# 50# mW/cm2! and$ the$duration)of)the)irradiation)was)one)hour.)All)samples)were)postDcured&at&60D70#°C#for#one#hour%to%ensure%the%maximum%reaction%conversion%attainable."Samples!were$cut$into$strips$with$dimensions$that$were$approximately$10$×$4$×$0.25$mm.$The#temperature(was(ramped(at#3#°C/min#with#a#frequency#of#1#Hz.#The$glass$transition$temperature$(Tg)"was"assigned"as"the$temperature$at$the$peak$of$the$tan$δ curve.!!
4.3.( Results(and(discussion(! As!indicated!in!previous!work!employing!ITX/PBG!systems,!light!irradiation!in!these!systems! lead! to! the! simultaneous! generation! of! both! bases! and! radicals.19,20! Therefore,!applying! these! initiator! systems! to! the! thiolDMichael! addition! reaction! would! generally!result!in!the!occurrence!of!both!the!thiolDMichael!addition!reaction!of!thiol!to!vinyl,!and!the!radical!mediated!thiolDvinyl!addition!as!well!as!vinylDvinyl!chain!polymerization.!In!the!case!of!a!system!that!contains!a!stoichiometric!amount!of!thiol!and!vinyl!functional!groups,!the!
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former! reaction! will! provide! stoichiometric! consumption! of! both! functional! groups,!whereas! the! latter! reaction! will! predominantly! consume! vinyls,! leaving! residual! thiols!unreacted.! Such! a! trend!was! clearly! observed! in! a! reaction! between!PETMP! (tetraDthiol)!and!DVS! (diDvinyl),!which!was! initiated!by! ITX/TBD•HBPh4! (0.5/1.0!wt%)!as!an! initiator!and! irradiated! by! 400D500! nm! light!with! an! intensity! of! 50!mW/cm2! (Fig.! 4.2a).! After! 1!hour! of! irradiation,! the! functional! group! conversions! of! the! thiols! and! vinyls! were!measured! to! be! 63! and! 73%,! respectively.! This! difference! in! thiol! and! vinyl! conversions!was!more!pronounced!in!a!second!model!reaction!between!PETMP!and!PEGDA!(Mn!=!575,!diDacrylate)! using! the! same! initiator! system! and! light! intensity,! in!which! thiol! and! vinyl!conversions!after!10!minutes!of! irradiation!reached!54!and!99%,!respectively!(Fig.!4.2b).!This! increased!difference! in! final! conversions! arises! from! the! high! reactivity! of! acrylateDacrylate!chain!growth!reactions!via!the!radicalDmediated!pathway,!which!also!contributes!to! the!high!acrylate! conversion!being!achieved! in! a! relatively! short! time!period.!Another!factor! for! reaching! high! conversion! in! relatively! short! times! is! associated!with! the! high!mobility! of! the! PEGDrich! network! chains! as! compared! to! the! more! crosslinked! network!structure! formed! by! the! reaction! of! the! lower! molecular! weight! DVS.6! These! polymers,!reacted! by! radical! and! base! mixedDmode,! are! likely! lead! to! be! more! heterogeneous!polymers!with! a! significant! amount! of! unreacted! functional! groups! that! would! result! in!reduced!thermomechanical!properties!and!longDterm!property!stability.!
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!Figure!4.2.!Functional!group!conversion!plots!as!a! function!of! time! for! stoichiometric! (a)!PETMP/DVS! and! (b)! PETMP/PEGDA! reacted! using! ITX/TBD•HBPh4! (0.5/1.0!wt%)! as! an!initiator! system!and! reacted!with!400D500!nm! light.!The! light! intensity!was!50!mW/cm2!and!was!switched!on!after!two!minutes!of!data!acquisition.!Thiol!conversions!were!lower!than!vinyl!conversions!in!both!systems,!which!is!in!agreement!with!previous!study.20!!! TEMPO! is! a!molecule! that! contains! a! stable! radical! and! is!well! known!as! a! highly!efficient! radical! inhibitor! or! even! a! radical! trap.21! Therefore,! we! hypothesized! that! by!adding! TEMPO! into! an! ITX/TBD•HBPh4! system,! the! radical! mediated! pathway! could! be!eliminated,!or!at!least!drastically!suppressed!so!that!the!reaction!could!proceed!primarily!via! the! base! catalyzed,! stoichiometric! thiolDMichael! addition! pathway.! Fig.! 4.3! shows! the!reaction! kinetics! of! PETMP/DVS! and! PETMP/PEGDA! systems! using!ITX/TBD•HBPh4/TEMPO!(0.5/1.0/0.5!wt%)!as!an! initiator!system!and!irradiated!by! light!at!400D500!nm!with!an!intensity!of!50!mW/cm2.!Obviously,!inclusion!of!TEMPO!resulted!in!a! significant! change! in! the! observed! kinetic! characteristics! of! these! systems.! First! of! all,!thiol! and! vinyl! conversions!were! almost! identical! during! irradiation! at! all! times! in! both!systems.! This! outcome! is! a! strong! indication! that! there! are! minimal! radicalDmediated!reactions! occurring! throughout! the! reaction.! Second,! an! induction! time!was! observed! in!both!systems,!which!implies!that!no!rapid!acrylate!homopolymerization!occurred!and!the!
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reaction! between! the! thiol! and! vinyl! was! catalyzed! only! by! the! photogenerated! base.! A!different!ketocoumarin!type!triplet!sensitizer,!7DdiethylaminoD3Dthenoylcoumarin!(DEATC,!Fig.!4.4),!could!also!be!used!as!a!sensitizer!instead!of!ITX!to!obtain!stoichiometric!reaction!of!PETMP/DVS!(Fig.!4.4).!The!reaction!rate!was!slightly!lower!than!in!the!system!with!ITX,!however,!DEATC! could!be! advantageous! since! its! absorption! spectrum! is! shifted! to! even!longer!wavelengths!(Fig.!4.5)!and!has!a!potential!to!be!used!with!longer!wavelength!light!sources!(Fig.!4.6).!!
!Figure!4.3.!Functional!group!conversion!plots!as!a! function!of! time! for! stoichiometric! (a)!PETMP/DVS! and! (b)! PETMP/PEGDA! containing! ITX/TBD•HBPh4/TEMPO! (0.5/1.0/0.5!wt%)!as!an!initiator!system!and!reacted!with!400D500!nm!light.!The!light!intensity!was!50!mW/cm2! and!was! switched! on! after! two!minutes! of! data! acquisition.! Inlet! of! (a)! shows!magnified! view! of! the! initial! stage! of! the! reaction.! The! thiol! and! vinyl! groups! reacted!stoichiometrically!throughout!the!reaction.!!
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!Figure! 4.4.! Functional! group! conversion! plots! as! a! function! of! time! for! stoichiometric!PETMP/DVS!using!DEATC/TBD•HBPh4/TEMPO!(1.0/1.0/1.0!wt%)!as!an! initiator!system.!The! light! intensity! was! 50! mW/cm2! and! was! switched! on! after! two! minutes! of! data!acquisition.!!
!Figure!4.5.!Absorption!spectrum!of!0.05!mM!DEATC!in!acetonitrile.!!
!
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Figure! 4.6.! Functional! group! conversion! plots! as! a! function! of! time! of! stoichiometric!PETMP/DVS!using!DEATC/TBD•HBPh4/TEMPO!(1.0/1.0/1.0!wt%)!as!an! initiator!system.!440!nm!LED!light!source!with!light!intensity!of!10!mW/cm2!was!used,!and!was!switched!on!after!two!minutes!of!data!acquisition.!!! Another! interesting! aspect! of! this! PBG! system! is! that! the! reactive! intermediate! is!still!active!after!cessation!of!irradiation!(in!dark),!which!assures!high!conversion!and!also!enhances! the! cure! depths! that! can! be! achieved.! The! reaction!was! confirmed! to! progress!even!after!the!light!was!turned!off!(Fig.!4.7),!which!strongly!indicates!that!the!reaction!was!catalyzed!by!the!base,!as!radical!lifetimes!in!the!dark!are!extremely!limited!in!these!types!of!systems.!The!final!conversions!are!summarized!in!Table!4.1!for!both!thiol!and!vinyl!groups!after!thermally!annealing!the!samples!at!60D70!°C!for!1!hour!after!irradiation.!Systems!with!ITX/TBD•HBPh4/TEMPO!initiator!both!lead!to!nearly!complete!conversion!of!both!the!thiol!and! vinyl! groups.! In! contrast,! systems! without! TEMPO! resulted! in! much! lower! thiol!conversion!due!to!the!extra!vinyl!consumption!from!radical!mediated!reactions.!!
!Figure! 4.7.! Functional! group! conversion! plots! as! a! function! of! time! for! stoichiometric!PETMP/DVS!using!ITX/TBD•HBPh4/TEMPO!(1.0/2.0/1.0!wt%)!as!an!initiator!system.!The!light!intensity!was!50!mW/cm2,!was!switched!on!after!two!minutes!of!data!acquisition,!and!was!switched!off!after!five!minutes!of!data!acquisition.!Thiol!and!vinyl!sulfone!conversions!
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continued!to!increase!even!after!the!light!was!switched!off,!indicating!that!the!reaction!was!catalyzed!by!the!base.!!Table! 4.1.! Functional! group! conversions! after! light! irradiation! (50! mW/cm2,! 60! min!irradiation!for!PETMP/DVS!and!10!min!irradiation!for!PETMP/PEGDA)!and!heating!1!hour!at! 60D70! °C.! The! initiator! used! was! either! ITX/TBD•HBPh4! (0.5/1.0! wt%)! or!ITX/TBD•HBPh4/TEMPO!(0.5/1.0/0.5!wt%).!Conversions!were!determined!by!FTDIR.!!
!!! Phenol' red' indicator' was' used' to' confirm' the' generation' of' bases' from' the'photolysis'of'TBD•HBPh4.18!Therefore,( this( indicator(was(used( to(verify( and( compare% the%base% generating% ability% of% two% different% systems,% ITX/TBD•HBPh4! and$ITX/TBD•HBPh4/TEMPO.( Initially,( directly( varying( the( concentrations( of( TBD( in(acetonitrile*was* tested*using* the*phenol* red* indicator.*These*experiments* confirmed* that*the$ solution! color% changes% from% yellow% to% orange% and% eventually% to% dark% purple% with%increasing)TBD)concentration)(Fig.)4.8))accompanied)by)the)appearance)of)a)new)band)at)560$nm$in$the$UVDVis$absorption$spectra.$Samples$containing$1.2$×!10D3!M"ITX,"1.2$×!10D3!M"TBD•HBPh4!with% (and%without)%1.2$×!10D3!M"TEMPO"were"prepared" in" acetonitrile" (total"0.800$mL),$followed$by$irradiation$using$13$mW/cm2!400D500#nm#filtered#light#for#5,#6,#8#and$10$min.$Each$sample$with$a$different$irradiation$time$was$prepared$separately$and$the"phenol'red'acetonitrile'solution'(1'×!10D3!M,#0.080#mL)#was#added#after#irradiation#and#was#used%to%determine%the%base%concentration%from%UVDVis$spectroscopy.$Absorption$at$560$nm$was$ increased$ by$ longer$ irradiation$ times$ for$ both$ ITX/TBD•HBPh4! and$ITX/TBD•HBPh4/TEMPO' systems;' however,' interestingly' the' absorption' at' 560' nm' was'
Initiator
Conversion (%) Thiol Vinyl Thiol Vinyl
PETMP/DVS 89 ± 5 100 ± 0 96 ± 3 99 ± 1
PETMP/PEGDA 54 ± 8 100 ± 0 95 ± 4 100 ± 0
ITX/TBD•HBPh4 ITX/TBD•HBPh4/TEMPO
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always& higher& for& the& ITX/TBD•HBPh4/TEMPO' system' at' a' given' irradiation' time,'which'indicates)that)this)system)generates)base)at)a)higher)rate)and)efficiency)as)compared)to)the)ITX/TBD•HBPh4!system&(Fig.&4.9).&This&result&supports&the&kinetics&presented&in&Fig.&2a&and&Fig.%3a,%in%which%the%reaction%rate%was%increased%by%adding%TEMPO%into%the%system%due%to%the$ higher$ base$ generation$ rate.$ A$ similar$ phenomenon$ was$ not$ observed$ in$ the$PETMP/PEGDA) system) (Fig.) 4.2b) and) Fig.) 4.3b),) since) the) rates) of) radical) mediated)reactions*of*acrylates*are*much*higher*than*that*of*the*thiolDMichael(addition(reaction,(and(the$effect$of$TEMPO$addition$to$the$reaction$kinetics$mainly$appeared$as$the$decrease$of$the$initial&reaction&rate&caused&by&radical&inhibition&and&also&in&the&offDstoichiometric*nature*of*the$radical$reaction.$!
!
Figure 4.8. UV-Vis absorption spectra of varying concentrations of TBD in acetonitrile with 
phenol red indicator. New band appeared at 570 nm by increasing the concentration of TBD. The 
picture shows the colors of samples with concentrations of 1.09 ×!10D3!M,#1.45 ×!10D3!M"and"1.82 ×!10D3!M"TBD" from" left" to" right" (label" on" the" vial" indicates" the" concentration" of" TBD" in"acetonitrile& (0.800& mL)& before& adding& 0.080& mL& 1.0 ×! 10D3! M" phenol" red" solution" in"acetonitrile.!!
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(
Figure 4.9. Absorption at 570 nm plotted versus irradiation time for ITX/TBD•HBPh4 and 
ITX/TBD•HBPh4/TEMPO in acetonitrile with an addition of phenol red. 1.2 ×!10D3!M"of" ITX,"TBD•HBPh4!and$TEMPO$ if$used$were$prepared$ in$acetonitrile$ (total$0.800$mL).$The$ light$irradiation( was( conducted( using( 13( mW/cm2! 400D500# nm# light,# and# then# 1.0 ×! 10D3! M"phenol'red'solution'in'acetonitrile'(0.080!mL)$was$added$to$the$solution.!
(! Finally,( mechanical) properties( of( polymer( networks( that( were( synthesized( using(either&ITX/TBD•HBPh4!(0.5/1.0'wt%)'or'ITX/TBD•HBPh4/TEMPO'(0.5/1.0/0.5'wt%)'as'an'initiator'were'compared.'Polymer'samples'using&a&stoichiometric&mixture&of&PETMP/DVS&were$prepared&by&light&irradiation&(50&mW/cm2,"1"hour"irradiation)"and"postDheating(for(1(hour% at% 60D70# °C.# Fig.! 4.10! shows% tan# δ! curves' for' both' systems.' Polymer' networks!synthesized*with*TEMPO*(blue)*exhibited(a!higher&Tg!and$narrower$tan#δ!curve,'which'is'in'agreement(with(the(FTDIR#results#which#confirmed#nearly'complete!conversion)of)both)thiol)and$ vinyl$ functional$ groups.$ In$ comparison,+ polymer+ networks! without' TEMPO' (red)'showed! lower& Tg! and$wider$ tan# δ! curve&with& a& shoulder& that& indicates& lower& functional&group&conversion&(thiol:&89%,#Table#4.1)#and#visibly'affected'network'homogeneity'due$to$radical'mediated'side'reactions.!
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!Figure! 4.10.! Tan! δ! plots! for! (a)! ITX/TBD•HBPh4! initiator! system! (dotted! red)! and! (b)!ITX/TBD•HBPh4/TEMPO! initiator! system! (blue).! (a)!Occurrence! of! radical!mediated! side!reactions! could! be! recognized! from! both! peak! broadening! and! a! shoulder! on! the! peak!(circle).! (b)! In! comparison,! existence! of! radical! inhibitor! TEMPO! eliminates! radical!mediated! side! reactions! to! form! homogeneous! polymer! network! as! could! be! confirmed!from!sharp!single!tan!delta!peak.!!
4.4.( Conclusions(! In!summary,!stoichiometric!reaction!of!thiols!and!electron!deficient!vinyls!initiated!by!visible!light!irradiation!was!achieved!by!using!ITX/TBD•HBPh4/TEMPO!as!an!initiating!system.! An! addition! of! TEMPO! both! facilitates! base! generation! and! inhibits! radical!mediated! side! reactions.! This!method! is! exceptionally! useful! since! it! provides! controlled!stoichiometric!reaction!between!thiols!and!vinyls!via!visible!light!irradiation,!which!could!not!be!achieved!using!ITX!without!TEMPO!due!to!its!propensity!to!cause!radical!mediated!side! reactions.! This! visibleDlight! sensitive! photobase! generator! is! one! of! few! recent!examples! that! have! the! potential! for! baseDcatalyzed! reactions! such! as! the! thiolDMichael!addition! reaction! to! be! implemented! in! range! of! applications,! e.g.,! coatings! and!biomaterials!that!benefit! from!biocompatible,!environmentally!benign!character!of!visible!light!initiation.!!
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Chapter(5(
(
Relative(Reactivity(and(Selectivity(of(Vinyl(Sulfones(and(Acrylates(towards(the(Thiol=
Michael(Addition(Reaction(and(Polymerization(
(Manuscript! published! under! the! same! title! in!Polymer)Chemistry.! Chatani,! S.;! Nair,! D.! P.;!Bowman,!C.!N.!Polym.)Chem.!2013,!4,!1048D1055.!
(
(! The! reactivity,! selectivity! and! kinetics! of! vinyl! sulfones! and! acrylates! in! base! and!nucleophileDcatalyzed! thiolDMichael! addition! reactions! were! examined! in! detail! in! this!study.!The!vinyl!sulfones!react!selectively!and!more!rapidly!with!thiols!in!the!presence!of!acrylates,! which! was! clearly! indicated! from! reactions! of! hexanethiol! (HT),! ethyl! vinyl!sulfone! (EVS)! and! hexyl! acrylate! (HA)! at! a! molar! ratio! of! 2! :! 1! :! 1.! EVS! reaches! 100%!conversion! with! minimal! consumption! (<! 10%)! of! HA,! which! demonstrates! the! high!selectivity! of! vinyl! sulfones! over! acrylates.! The! reaction! rate! of! EVS! with! HT! was!approximately! 7! times! higher! than! that! of! HA.! A! detailed! study! of! the! kinetics! of! the!nucleophileDcatalyzed! thiolDMichael! addition! reaction!was! carried! out,! and! it!was! shown!that! the! delay! observed! in! the! initial! stages! of! the! nucleophileDcatalyzed! thiolDMichael!addition!reaction!is!due!to!the!relatively!slow!attack!of!the!nucleophiles!on!the!vinyl.!The!presence!of!protic!species!other!than!thiols!in!the!reaction!mixture!has!also!been!shown!to!significantly!impede!the!reaction!rate,!and!in!extreme!cases,!has!been!shown!to!inhibit!the!Michael!addition!reaction.!These!results!provided!a!better!understanding!of!the!conditions!under! which! the! thiolDMichael! addition! reaction! can! or! cannot! be! considered! as! a! click!
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reaction.! Finally,! the! high! reaction! selectivity! of! vinyl! sulfones! over! acrylates! via! thiolDMichael! addition! reaction! in! ternary! systems! is! used! to! control! gelation! behavior! in!crosslinked!polymer!networks!formed!by!thiolDMichael!addition!reactions.!!
5.1.( Introduction(
 Within! the! ‘click’! paradigm,! the! thiolDX! reaction! family! has! gained! significant!importance! in!organic!synthesis,!polymer!formation,!and!materials!modification!in!recent!decades,!due!to!its!mild!reaction!conditions,!minimal!byDproduct!formation,!high!functional!group!tolerance!and!high!conversions.1–4!Given!that!the!versatile!thiolDclick!chemistry!can!be!used!to!synthesize!highly!functional!materials!under!relatively!facile!reaction!conditions,!various!thiolDvinyl!reaction!qualify!as!highly!efficient!click!reactions!as!used!in!applications!that! range! from! complex! dendrimer! synthesis,5! convergent! synthesis! of! star! polymers,6!functional! biodegradable! lactides7! to! surface! modifications! of! films8! and! nanoparticles.9!Polymers! formed! via! the! thiolDvinyl! stepDgrowth! reaction! mechanism! exhibit! distinct!characteristics! such! as! uniform! network! densities! that! afford! narrow! glass! transition!temperatures!and! low!shrinkage!stress! that!results! from!delayed!gelation!of! the!polymer!when!compared!to!polymers!formed!via!a!chainDgrowth!mechanism.!These!key!attributes!of! the! polymerization! mechanism! result! in! the! ability! to! produce! materials! that! have!unique! physical! and! mechanical! properties! via! thiolDvinyl! chemistry.! One! of! the! most!powerful! aspects! of! the! thiolDvinyl! reaction! family! is! that! it! can! be!mediated! by! various!species!such!as!radicals!(i.e.,!the!classical!thiolDene!reaction),!acids,!bases,!nucleophiles!and!highly! polar! solvents.! Each! of! these! reaction! pathways! exhibits! some! or! all! of! the!characteristic!advantages!of! the!thiolDvinyl!reaction.!A!base!or!nucleophile!mediated!thiol!
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reaction,! often! referred! to! as! the! thiolDMichael! addition! reaction,! has! attracted! great!interest!for!its!high!reactivity!with!relatively!low!amount!of!catalysts!and!its!orthogonality!to! radical!mediated! reactions.! Chan! et)al.! took! advantage! of! this! orthogonality! and! have!utilized! sequential! thiolDMichael! addition! reactions! and! radical! thiolDyne! reactions! to!develop! a! facile! synthetic! method! of! constructing! polyfunctional! materials.10! Yu! et) al.!described! polymer! endDgroup! functionalization! via! a! combination! of! nucleophilic! thiolDvinyl/radical!thiolDene!and!nucleophilic!thiolDvinyl/radical!thiolDyne!pathways.11!Nair!et)al.!have!utilized!the!selfDlimiting!character!of! the!thiolDMichael!addition!reaction!with!excess!vinyls!to!realize!a!crosslinked!material!that!is!further!reactive!to!radical!polymerizations!to!attain! twoDstage! reactive! polymers! with! distinct! material! properties! at! each! stage.12,13!Among!several!catalysts!that!are!used!for!the!thiolDMichael!addition!reaction,!nucleophiles!such!as!organophosphines14! and!nucleophilic! tertiary! amines15! are!known! to!be! efficient!catalysts! for! the! thiolDMichael! addition! reaction.! Due! to! its! high! reactivity,! nucleophilic!thiolDMichael! addition! reactions! are! used! for! modification! of! multifunctional! thiols! with!acrylates,16! end! functionalization! of! macromolecules,17,18! and! synthesis! of! linear19! and!multi! arm! star! polymers.6! However,! our! understanding! of! the! nucleophilic! thiolDMichael!addition!reaction!pathway!is!still!incomplete!as!seen!by!the!inability!to!consistently!control!the!reaction14!and!the!formation!of!undesirable!byDproducts,18!which!are!definitely!not!the!characteristics!of!click!reactions.!Understanding!the!mechanism!of!the!rapid!and!powerful!nucleophilic!pathway!enables!the!selection!of!conditions!under!which!the!reaction!behaves!in! a! click!manner,! as! is! critical! for! practical! application! of! the! nucleophilic! thiolDMichael!addition!reaction!in!polymer!science,!surface!modification,!and!organic!synthesis.!
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! An#activated#vinyl,#also#referred#to#as#an#electron#deficient#vinyl,#is#suitable#for#thiolDMichael(addition(reactions(since(it(accelerates(the(nucleophilic(attack(of(a(thiolate(anion(on(a!vinyl.20!Carbonyl)conjugated)vinyls,)such)as)acrylates)and)maleimides)are)well)known)as)activated( vinyls( for( Michael( addition.( Vinyl( sulfone,( a( sulfone( conjugated( vinyl,( is( a(functional*group*that*has*a*highly*electron*deficient*vinyl*and*has*been*used*extensively)as)a" textile" dye" since" the" 1950’s.21! The$ vinyl$ sulfone$ group$ is$ highly$ reactive$ towards$ the$hydroxyl( groups( of( the( cellulose( present( in( textile( fibers( under( alkaline( conditions.(Additionally,+ the+ thiolDMichael( addition( product( of( vinyl( sulfone( forms$ a$ very$ stable$thioether' sulfone' bond,20,22! while& the& counterparts& of& acrylates& and& maleimides& contain&relatively) labile) thioether) ester) or) succinimide) bonds.23,24! The$ water$ stability$ of$ vinyl$sulfone(and(its(ability(to(form(thioether(sulfone(bonds(along"with"its"high"reactivity"make"this% functional% group% highly% valuable% for% biological% applications.% Hubbell% et# al.! have%synthesized* a* cellDresponsive) hydrogel) from) vinyl) sulfone) functionalized) PEGs) and) thiol)containing( peptides(where( the( thiol( originates( from# cysteine# amino# acids# in# the# peptide#sequence.( The( resulting(network( is( degradable( by(metalloproteinases.25,26!Hiemstra)et#al.!have% synthesized% a% degradable% hydrogel% from% vinyl% sulfone% functionalized% dextrans% and%multifunctional+ PEG+ thiols+ and+ achieved+ precise& control& over& the& degradation& rate&depending'on' the' linker' length'between' the' thioether'sulfone'and'degradable'moieties.27!These% approaches% have% managed% to% control% the% degradation% properties% of% the% resultant%polymer,) which) was) previously) challenging) with% acrylates,% as% they% essentially% formed%degradable( thioether(ester(bonds.(Vinyl( sulfones(have(also(been(used( in(optical(materials(due$to$the$high$refractive$index$of$the$sulfurDatom%containing%materials%and%the%stability%of%the$ thioether$ sulfone$bond.$Okutsu%et#al.!have% reported%poly(thioether% sulfone)%with%high%
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refractive) index) and) high) Abbe) numbers) up) to) 1.62) and) 45.8,) respectively,) using) thiolDMichael(additions(with(vinyl(sulfone(functional(groups,(which(also(possesses(high(thermal(stability( represented# by# Tg! around' 110' °C' and' no' coloration' up' to' 200' °C.28! However,(despite' vinyl' sulfones' exhibiting' attractive' characteristics' for' polymeric' materials'synthesized*via*thiolDMichael(addition(reactions,(limited(work(has(been(done(in(examining(the$ reactivity$ and$ selectivity$ of$ vinyl$ sulfone$ groups$ in$ thiolDMichael( addition( reactions.(Herein,'we' focus'on'understanding' the'reaction'mechanism'of'vinyl'sulfones' in' the' thiolDMichael(addition(reaction.(Additionally,(we(also(focus(on(the(selectivity(of(the(reaction(and#study&the&reaction&kinetics&and&selectivity&in&the&presence&of&a&competing&vinyl&in&a&range&of&different(reaction(conditions.!!
5.2.( Experimental(
5.2.1.( Materials(! 1DHexanethiol+ (HT),+ methyl+ 3Dmercaptopropionate+ (MMP),+ hexyl+ acrylate+ (HA),+dimethylphenylphosphine( (DMPP),( methylD! diphenylphosphine+ (MDPP),+ triethylamine+(TEA),' methaneD! sulfonic) acid) (MsOH)) and) diethyleneglycol) diethyl) ether) (DEGDE)) were)purchased* from* SigmaDAldrich( and( used( as( received( unless( otherwise( noted.( Ethyl( vinyl(sulfone( (EVS)( was( purchased) from) Oakwood) Chemicals.) The) thiols,) vinyls) and) catalysts)used%in!this%study%are%detailed%in%Figure!5.1.!
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!!Figure!5.1.!Chemical!structures!of!the!compounds!used!in!this!study.!!
5.2.2.( Methods(
Fourier( transform( infrared(spectroscopy( (FT=IR).! !FTDIR!experiments!were!performed!using!a!Nicolet!Magna!760.!The! thiol!peak!absorbance!was!measured!at!2570!cmD1,! vinyl!sulfone! peak29! at! 3054! or! 700! cmD1! and! acrylate! peak! at! 1636! cmD1.! All! reactions! were!performed! between! two! sodium! chloride! crystals! under! ambient! conditions.! 0.050! mm!thickness! spacers! were! used! to! keep! the! sample! thickness! constant.! Conversions! were!calculated!using!the!ratio!of!peak!areas!to!the!peak!area!prior!to!the!reaction.!
1H( NMR( spectroscopy.! ! NMR! spectra! were! recorded! on! a! Bruker! AvanceDIII! 300! NMR!spectrometer! at! 25! °C! in! CDCl3.! All! chemical! shifts! are! reported! in! ppm! relative! to!tetramethylsilane!(TMS).!
General(procedure(for(the(thiol=Michael(addition(reaction.!!The!thiol!reactant!and!the!
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catalyst! were! added! to! a! glass! vial! and! thoroughly! mixed.! DEGDE,! water! or! MsOH! was!added! to! this! mixture! if! used.! Varying! stoichiometric! amounts! of! vinyl! sulfone! and/or!acrylate!were!added!to!the!mixture!and!mixed!vigorously!to!start!the!thiolDMichael!addition!reaction.!The!mixture!was!further!used!for!FTDIR!and!1H!NMR!measurement.!
Gelation)determination.!!A"simple"vial"tilting"method"was"used"to"determine"qualitatively"whether&the&system&was&gelled&or&not.&A&vial&was$tilted$and$held$for$1$minute."If"no"flow"was"observed,)the)system)was)considered)to)be"a"gel.!!
5.3.( Results(and(discussion(! ThiolDVinyl! sulfone! systems!were! formulated! to! study! the! reactivity! of! thiols! and!vinyl! sulfones! in! the! Michael! addition! reactions.! Vinyl! sulfone! is! known! to! be! a! highly!activated! vinyl! and! thus! very! reactive! to! thiolDMichael! addition! reactions.! However,!establishing! the! relative! reactivity! of! a! vinyl! sulfone! compared! to! other! vinyls! is! of! a!particular! interest! since! the! high! reactivity! of! either! one! would! be! advantageous! for!developing!orthogonal!or!nearly!orthogonal!reaction!systems!that!have!several!functional!groups! present!within! a! reacting! system.! The! relative! reactivity! of! a! vinyl! sulfone,! ethyl!vinyl! sulfone! (EVS),! and! an! acrylate,! hexyl! acrylate! (HA),! in! a! thiolDMichael! addition!reaction! was! investigated.! The! reactions! were! performed! in! neat! conditions! with! a!stoichiometry!of!thiol!to!vinyl!of!1!to!1.!The!general!scheme!of!this!reaction!is!described!in!Scheme!5.1.! Two! thiols,! hexanethiol! (HT)! and!methyl! 3Dmercaptopropionate! (MMP),! and!also! two! catalysts,! triethylamine! (TEA,! a! base! catalyst)! and! dimethylphenylphosphine!(DMPP,! a! nucleophile! catalyst)!were! used! to! compare! the! reactivity! of! vinyl! sulfone! and!acrylate!under!various!conditions.!The!results!are!summarized!in!Table!5.1.!
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!Scheme!5.1.!General!scheme!of! the!thiolDMichael!addition!reaction!where!the!catalyst!can!be!either!a!nucleophile!or!base.!!Table!5.1.(The!thiolDMichael!addition!reactiona!under!various!reaction!conditions.!
!
a!Thiol! :! vinyl!molar! ratio!was! fixed! to! 1! :! 1.! b!2.0!wt%! catalyst! used.! c!0.05!wt%!catalyst!used.!d!Conversions!were!determined!by!FTDIR!and!1H!NMR.!!! In!each!formulation,!the!vinyl!sulfone!moiety!was!far!more!reactive!than!the!acrylate!(e.g.,!Table!5.1,!entry!1!and!2).!The!vinyl!sulfone!reactivity!was!not!influenced!by!the!thiols!used! in! the! formulations! and! were! consistently! observed! to! be! more! reactive! than! the!acrylate.!The!reactivity!of!the!vinyl!sulfone!is!likely!due!to!the!structure!of!the!vinyl!sulfone!group,! in!which!the!vinyl!moiety! is!more!electron!deficient!compared!to!the!acrylate!as!a!sulfone!group!has!higher!electron!withdrawing!capability! than!a! carbonyl!group.!Also,! in!the!nucleophileDmediated!thiolDacrylate!reaction,!the!phosphine!DMPP!catalyzed!reactions!proceeds!much!more!rapidly!than!the!baseDcatalyzed!TEA!reaction!(e.g.,!Table!5.1,!entry!1!and! 3)! for! both! vinyl! reactants,! even! though! 40Dfold! less! amount! of! catalyst! was! used.!These! results! are! in! agreement! with! similar! studies! with! acrylates! in! which! the!extraordinary! reactivity! of! nucleophile! catalysts! in! low! concentrations! has! been! noted.14!High! conversions! in! relatively! short! timescale! were! observed! even! in! reactions! with!
R SH EWG+ R S EWG
catalyst
entry thiol ene catalyst time.(min) conversion.(%)d
1 HT HA TEAb 30 30
2 HT EVS TEAb 30 90
3 HT HA DMPPc 30 70
4 HT EVS DMPPc 2 quant.
5 MMP HA DMPPc 30 70
6 MMP EVS DMPPc 2 quant.
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hexanethiol,!which!is!known!to!be!a!less!reactive!species!for!thiolDMichael!addition!reaction!due!to!its!large!pKa,!by!using!a!highly!activated!vinyl!like!vinyl!sulfone!(Table!5.1,!entry!2)!or!a!nucleophilic!catalyst!like!DMPP!(Table!5.1,!entry!5!and!6).!! Based! on! the! results! from! Table! 5.1,! DMPP! is! observed! to! be! the! more! efficient!catalyst!when!compared!to!TEA.!The!DMPP!catalyzed!reaction!has!been!proposed!to!have!a!different! mechanism! compared! to! baseDcatalyzed! TEA! reaction.! Although! nucleophileDcatalyzed! thiolDMichael! addition! reaction! has! recently! attracted! interest! due! to! its!extremely! high! reactivity,14,18! it! has! also! been! observed! in! previous! studies! that! the!reaction! is!difficult! to!control!because! the!high!reactivity14!contributes! to!a!propensity!of!sideDreactions.18!Therefore,!we!decided!to!look!into!the!details!of!the!reaction!mechanism!to! further! understand! the! factors! that! contribute! to! the! undesirable! sideDreactions,! and!figure!out!the!conditions!under!which!the!thiolDMichael!addition!reaction!can!be!used!as!a!‘click’!reaction.!! The! previously! proposed! mechanism! for! the! nucleophileDcatalyzed! thiolDMichael!addition!reaction!is!described!in!Fig.!5.2b,!and!the!reaction!mechanism!for!a!baseDcatalyzed!mechanism! is! shown! in! Fig.! 5.2a.! There! are! two! major! differences! between! these! two!mechanisms.! For! a! baseDcatalyzed! reaction,! the! thiolate! anion! is! formed! by! a! direct!deprotonation!of! a! thiol!by!a!base! catalyst,!whereas! for!a!nucleophileDcatalyzed! reaction,!the! initial! step! is! an! attack! of! a! nucleophile! on! an! electron! deficient! vinyl,! which! then!produces!an!extremely!basic!enolate!zwitterion!that!acts!as!a!base!to!deprotonate!a!thiol.!The!second!difference!between!the!two!mechanisms!lies!in!the!type!of!proton!sources!that!exist! in! the! system.! The! baseDcatalyzed! system! has! two! such! species,! which! are! a!protonated! base! and! a! thiol,!whereas! for! the! nucleophileDcatalyzed! system! the! thiol! acts!
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efficiently! as! the! sole! proton! source.! These! differences! cause! the! nucleophileDcatalyzed!thiolDMichael!addition!that!proceeds!via!an!anionic!cycle!to!have!an!extremely!high!reaction!rate.!!
!Figure!5.2.(Proposed!mechanisms1!for!(a)!baseDcatalyzed!and!(b)!nucleophileDcatalyzed!thiolDMichael!addition!reactions.!!! As!the!initial!step!of!a!nucleophileDcatalyzed!reaction!is!one!in!which!the!nucleophile!attacks!the!vinyl,!the!reaction!kinetics!are!affected!by!adding!a!nucleophile!to!a!vinyl!prior!to!mixing!of! the!other! reactive!components! together.! In!order! to!perform!a! reaction! that!had!an! initiation!mechanism!that!was! less!rapid!than!the!DMPP!mediated!reaction,!a! less!reactive! phosphine,! methyldiphenylphosphine! (MDPP)! was! chosen! as! the! catalyst.!Additionally,! a! solvent! diethyleneglycol! diethyl! ether! (DEGDE)! was! used! to! reduce! the!reactant! concentrations.! The! timeDconversion! plot! for! [HT]! :! [EVS]! :! [MDPP]! =! 0.5! :! 0.5! :!0.0055!systems!with!DEGDE!used!as!a!solvent!are!shown!in!Fig.!5.3.!
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!Figure! 5.3.! Conversion! as! a! function! of! time! plots! for! [HT]! :! [EVS]! :! [MDPP]! =! 0.5! :! 0.5! :!0.0055!systems.! (a)!MDPP!was!added! to!HT,!mixed! for!15!min!and! then!added! to!EVS! to!start! the! reaction! (open!circle).! (b)!MDPP!was!added! to!EVS,!mixed! for!15!min!and! then!added!to!HT!to!start!the!reaction!(filled!circle).!(c)!MDPP!was!added!to!a!mixture!of!HT!and!EVS!to!start!the!reaction!(cross).!Induction!time!was!observed!for!(a)!and!(c).!However,!this!induction! time! was! dramatically! decreased! for! (b),! by! allowing! MDPP! and! EVS! to! react!before!adding!HT.!! Interestingly,! an! induction! time! in! the! reaction! was! observed! in! two! separate!instances!–!1)!when!MDPP!was!mixed!with!HT!prior!to!the!reaction!(Fig.!5.3a),!and!2)!when!all! components! were! mixed! at! once! to! start! the! reaction! (Fig.! 5.3c).! In! contrast,! this!induction! time!was!not!observed!when!MDPP!was!added! to!EVS!15!minutes!prior! to! the!reaction!(Fig.!5.3b).!The! induction!time!for!a!nucleophileDcatalyzed!thiolDMichael!addition!reaction!has!not!been!reported! in!previous! studies.!For!example,!Chan!et!al.!have! shown!kinetic!profiles!of!the!thiolDMichael!addition!of!2.0!M!hexanethiol!and!2.0!M!hexyl!acrylate!using!either!DMPP!or!MDPP!as!a!catalyst!with!a!concentration!of!0.0004!mol%.!However,!the!reaction!rate!using!DMPP!was!very!rapid!and!no!induction!time!was!reported!whereas!the!reaction!using!MDPP!was!very!slow!and!approximately!10%!conversion!was!reported!after! 10! minutes! of! reaction.14! A! possible! reason! as! to! why! an! induction! time! was! not!observed! in! previous! studies! could! be! that! the! reaction! conditions! under! which! the!
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experiments!were!performed!were!insufficient!to!capture!the!initial! induction!time!in!the!reaction.!! It!was!also!observed!that!a!mixture!of!MDPP!and!EVS!gradually!turned!to!a!dark!red!color! in!10!minutes,!which!implied!that!the!formation!of!a!zwitterion,!responsible!for!the!color!change,!was!relatively!slow.!Previous!studies!indicate!that!this!zwitterion!functioned!as!an!initiating!species!for!an!ethyl!cyanoacrylate,!an!electron!deficient!vinyl.30!From!these!observations,! it! is! likely! that! the! first! step! of! the! reaction! is! indeed! an! attack! of! a!nucleophile! to! an! electron! deficient! vinyl,! which! must! be! a! relatively! slow! reaction!compared! to! the! following! relatively! rapid! anionic! cycle.! Furthermore,! these! results!indicate! that! the!nucleophilic! catalysts! should!not! be!mixed! together!with! the! vinyl! long!before!the!thiolDMichael!addition!reaction!is!allowed!to!proceed,!since!the!longer!they!are!mixed! together! the!more! zwitterions! are! formed,!which! is! essentially! a!byproduct!of! the!reaction! and! not! a! thiolDMichael! addition! product.! The! zwitterions! are! strong! bases! and!could!potentially!start!side!reactions,!and! ideally,!zwitterions!should!be! formed! inDsitu! to!achieve! the! highest! conversion!with!minimal! side! reactions.! To! further! verify! this! initial!reaction! step,! experiments! with! different! initial! HT! and! EVS! concentrations! were!performed!(see!Fig.!5.4).!
! 80!
!Figure!5.4.!Conversion!as!a!function!of!time!plots!for!(a)![HT]!:![EVS]!:![MDPP]!=!1.0!:!1.0!:!0.0055,!(b)![HT]!:![EVS]!:![MDPP]!=!1.0!:!2.0!:!0.0055!and!(c)![HT]!:![EVS]!:![MDPP]!=!2.0!:!1.0!:!0.0055!systems.!DEGDE!was!used!as!a!solvent.!Reaction!rate!almost!doubled!when![HT]!or![EVS]! was! increased! in! a! factor! of! 2! for! (b)! and! (c).! (b)! with! doubled! amount! of! [EVS]!showed!less!induction!time!compared!to!(a)!and!(c),!indicating!that![EVS]!affects!the!initial!reaction!step,!which!is!the!attack!of!a!nucleophile!on!a!vinyl.!
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!! The!reaction!rate!doubled!when!increasing!either!reactant!concentration!by!a!factor!of! 2! ((Fig.! 5.4a)! 2.2! ×! 10D3! M/s,! (Fig.! 5.4b)! 4.1! ×! 10D3! M/s,! (Fig.! 5.4c)! 3.9! ×! 10D3! M/s).!Therefore,! this!reaction!appears! to!be! firstDorder! in!both! the!HT!and!EVS!concentrations.!An! induction! time! was! observed! under! all! reaction! conditions,! and! by! doubling! EVS!concentration,! the! induction! time! was! decreased! (Fig.! 5.4b).! However,! doubling! the! HT!concentration!had!a!minimal!effect!on! the! induction! time! (Fig.!5.4c).!These! results! imply!that!the!initial!step!of!the!reaction,!an!attack!of!a!nucleophile!to!an!electron!deficient!vinyl,!was! accelerated! by! the! higher! concentration! of! EVS,! again! consistent!with! the! proposed!mechanism.!! Next,! the! anionic! cycle! of! the! reaction! was! studied.! The! anionic! cycle! should! be!affected!by!protic!species!such!as!water!and!Brønsted!acids!as!these!protic!species!can!then!react!with! the! intermediate! enolate! anion! to! prevent! the! anionic! cycle! from! proceeding,!which!would!be!detrimental!for!a!high!reaction!rate.!To!confirm!this!hypothesis,!water!and!acid!were!each!added!to!the!reaction!system,![HT]!:![EVS]!:![MDPP]!=!0.5!:!0.5!:!0.0055,!to!determine!the!effects!on!the!reaction!kinetics.!Concentrations!of!water!or!acid!used!were!almost!12!times!larger!than!that!of!MDPP!(i.e.,!approximately!0.06!M).!It!was!observed!that!both! addition! of! water! and! acid! affected! the! reaction! (Fig.! 5.5).! The! addition! of! water!decreased!the!reaction!rate!with!a!corresponding!marginal! increase!of!the!induction!time!(Fig!5.5b),!while!the!addition!of!acid!almost!completely!stopped!the!reaction!(Fig!5.5c).!This!observation!could!be!explained!by!the!protonation!of!either!a!zwitterion!or!an!intermediate!enolate! anion! (pKa! ≈! 25).! Protonation! by!water! (pKa! ≈! 15.7)! results! in! the! simultaneous!formation! of! hydroxide! ions,! which! are! still! capable,! though! with! reduced! reactivity,! of!acting!as!a!base!catalyst!since!the!pKa!of!HT!is!approximately!10.7.!However,!the!reaction!
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rate!would! be! lowered! as! the! pKa! of!water! is! significantly! lower! than! that! of! an! enolate!anion,!which!implies!that!the!reaction!would!still!be!more!likely!to!follow!a!baseDcatalyzed!mechanism! as! opposed! to! a! nucleophilic! Michael! addition! pathway.! On! the! other! hand,!protonation! by! methanesulfonic! acid! (pKa! ≈! D2)! results! in! the! formation! of! the!methanesulfonate!ion,!which!is!not!sufficiently!basic!to!promote!any!additional!reaction.!!
!Figure!5.5.!Conversion!as!a!function!of!time!plots!for!(a)![HT]!:![EVS]!:![MDPP]!=!0.5!:!0.5!:!0.0055!reaction!mixture!(filled!circle)!with!an!addition!of!(b)!0.064!M!of!water!(open!circle)!and!(c)!0.057!M!of!methanesulfonic!acid!(open!square).!An!addition!of!water!(b)!decreased!the!reaction!rate,!while!an!addition!of!methanesulfonic!acid! (c)!essentially!prevented! the!reaction.!!! The! ability! of! the! nucleophilic! Michael! addition! reaction! to! proceed! to! high!conversions!in!an!efficient!manner!with!relatively!low!concentrations!of!the!catalyst!is!one!of! the! advantages! for! using! a! nucleophile! as! a! thiolDMichael! addition! reaction! catalyst.!However,! the! existence! of! protic! species! other! than! a! thiol! would! strongly! affect! the!reaction!rate!and!even!stop!the!reaction!under!extreme!conditions.!The!observation!of!an!induction! time,! as! well! as! the! observed! variability! in! reactivity! in! the! Michael! addition!
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reactions,!might!be!due!to!the!presence!of!trace!levels!of!protic!species!that!were!contained!in!the!initial!monomer!mix!as!impurities.!! High!selectivity!of!one!functional!group!over!another!in!a!particular!reaction!is!very!useful!in!formulating!a!system!that!has!several!potentially!reactive!functional!groups!or!for!implementing! multistage,! oneDpot! reactions.! Since! vinyl! sulfones! have! relatively! high!reactivity! as! compared! to! acrylates! in! the! thiolDMichael! addition! reaction,! a! nucleophileDcatalyzed! thiolDMichael! addition! reaction! using! one! thiol! and! two! different! vinyls! was!studied.!A!vinyl!sulfone!and!an!acrylate!in!the!same!mixture!were!used!to!observe!if!a!vinyl!sulfone! could! be! reacted! preferentially! over! an! acrylate! to! accomplish! a! selective! thiolDMichael! addition! reaction.!A!nucleophilic! catalyst,!MDPP!was!used!and!was!not!mixed! in!with! the! vinyl! reactants! prior! to! the! thiolDMichael! addition! reaction! to! eliminate! the!possibility!of!any!side!reactions!from!occurring.!No!solvent!was!used!in!the!reaction!mix!to!minimize!the!amount!of! initial!protic!species! that!could!affect! the!reaction.!Two!different!stoichiometric! ratios! of! thiols,! vinyl! sulfones! and! acrylates!were! examined,! in!which! the!relative!reactants!were!thiol!:!vinyl!sulfone!:!acrylate!=!1!:!1!:!1!and!2!:!1!:!1!as!shown!in!Fig.!5.6a!and!Fig.!5.6b,!respectively.!
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!Figure!5.6.!Conversion!as!a!function!of!time!plots!for!(a)!HT!:!EVS!:!HA!=!1!:!1!:!1!molar!ratio!mixture!with!0.05!wt%!MDPP!as!a! catalyst! and! (b)!HT! :!EVS! :!HA!=!2! :!1! :!1!molar! ratio!mixture! with! 0.05! wt%!MDPP! as! a! catalyst.! Each! plot! corresponds! to! conversion! of! HT!(filled! circle),! EVS! (open! circle)! and! HA! (filled! square).! (a)! When! thiol! :! vinyl! sulfone! :!acrylate!=!1!:!1!:!1!was!used,!conversions!of!HT!and!EVS!went!up!to!80%!in!15!minutes!with!almost! no! consumption! of! HA,! and! the! reaction! ended! up! with! 90%! EVS! and! 10%! HA!conversions!confirmed!from!1H!NMR!taken!1.5!hours!after!the!reaction!started.!(b)!When!thiol!:!vinyl!sulfone!:!acrylate!=!2!:!1!:!1!was!used,!the!conversion!of!EVS!was!100%!in!10!minutes,! followed!by!reaction!of!HA.!The!reaction!ended!up!with!100%!EVS!and!80%!HA!conversions!confirmed!from!1H!NMR!taken!2.5!hours!after!the!reaction!started.!!! The! vinyl! sulfones! are! found! to! react! almost! exclusively! with! thiols! even! in! the!presence!of!acrylates! in!the!system.!When!a!mixture!of!thiol! :!vinyl!sulfone!:!acrylate!at!a!ratio! of! 1! :! 1! :! 1!was! reacted,! the! conversion!of! vinyl! sulfone!was!80%!after! 20!minutes!whereas!there!was!almost!no!conversion!of!acrylates!observed.!1H!NMR!results!taken!after!
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the! depletion! of! thiols! show! that! approx.! 90%!of! vinyl! sulfone! (δ! =! 6.67D6.58,! 6.48D6.43,!6.21D6.18)! and!10%!of! acrylate! (δ! =! 6.43D6.37,! 6.17D6.08,! 5.83D5.79)!were! reacted! under!these! reaction!conditions,! also!as! shown!by!FTDIR!results! in!Fig.!5.6a.!When!a!mixture!of!thiol! :! vinyl! sulfone! :! acrylate! in! the! ratio!of!2! :!1! :!1!was! reacted,! the! conversion!of!EVS!reached!100%!after!10!minutes!(Fig.!5.6b).!The!final!conversions!calculated!from!1H!NMR!after!2.5!hours!of!reaction!were!100%!and!80%!for!vinyl!sulfone!and!acrylate,!respectively.!Reaction!rate!of!EVS!to!HT!was!approximately!7!times!higher!than!that!of!HA.!These!results!imply! that! in!spite!of! the!high!reactivity!of!both!vinyl!sulfone!and!acrylate! towards! thiolDMichael!addition!reaction,!high!selectivity!between!these!two!species! is!achievable!as! the!vinyl! sulfone! is! significantly!more! reactive! than! the! acrylate.! This! result! can! be! used! to!implement! the! selective! functionalization! of! molecules! that! have! both! vinyl! sulfone! and!acrylate!moieties,!by!preferential!crosslinking!of!a!network!that!bears!both!moieties,!or!to!design!dual!cure!systems!in!which!vinyl!sulfones!can!react!with!thiols!preferentially,!before!the!acrylates!can!be!reacted!in!a!subsequent!polymerization!step.!! High! selectivity! of! the! vinyl! sulfone! over! the! acrylate! was! utilized! to! control! the!gelation!behavior!of!a!crosslinking!polymer!network.!The!gel!point!conversion!for!a!stepDgrowth!polymerization!between! two!monomers!with!degrees!of! functionality! fA! and! fB! is!predicted!by!the!FloryDStockmayer!equation!(Eq.!5.1),!where!Pgel!is!the!gel!point!conversion!and!r!is!the!stoichiometric!ratio!of!the!two!functional!groups.!! !!"# = !!(!!!!)(!!!!)! (5.1)!! In!a!system!in!which!the!monomer!A! is!a! thiol!and!monomer!B! is!a!vinyl,!gelation!behavior! is!expected!to!be!much!different! for! the! following!two!systems!D!1)!monomer!B!being!a!mixture!of!multifunctional!and!monofunctional!acrylate,!and!2)!monomer!B!being!a!
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mixture! of!multifunctional! vinyl! sulfone! and!monofunctional! acrylate.! !Differences! in! the!polymer!network!evolution!are!expected!to!occur!due!to!the!high!selectivity!of!vinyl!sulfone!over! acrylate.! Several! formulations! using! a! tetrafunctional! thiol! (PETMP),! a! bifunctional!vinyl! (either! DVS! or! HDDA)! and! a! monofunctional! acrylate! ! (EGMEA)! were! reacted! to!determine!their!gelation!behavior!and!assess!whether!the!difference!in!reactivity!could!be!used!to!control!the!molecular!weight!evolution!and!gelation!behavior!(Table!5.2).!!Table!5.2.!Calculated!r,!fB!and!Pgel!values!and!gelation!behaviors!of!PETMP!:!HDDA!(or!DVS)!:!EGMEA!systems.!!
!!! First,!PETMP!:!HDDA!:!EGMEA!systems!with!the!monomer!ratios!of!1!:!3!:!0,!1!:!3!:!1,!1!:!3!:!2!and!1!:!3!:!3!(in!other!words,!the!functional!group!ratios!of!4!:!6!:!0,!4!:!6!:!1,!4!:!6!:!2!and!4! :!6! :!3)!were!reacted!using!0.1!wt%!MDPP!as!a!catalyst!and! left!overnight! to!allow!complete!reaction!to!be!achieved.!Presuming!that!all!acrylates!have!the!same!reactivity,!Pgel!was!calculated!as!0.71,!0.82,!0.94!and!1.06,!respectively.!Experimental!results!showed!that!only! the! 1! :! 3! :! 0! system! formed! a! gel,! which! was! possibly! due! to! the! known!underestimation! of! Pgel! from! the! FloryDStockmayer! equation,! and! also! due! to! the! actual!conversion!not!achieving!100%.!As!could!be!seen!from!this!result,!increasing!the!amount!of!a!monofunctional!monomer!leads!to!a!decrease!of!both!r!and!fB,!thus!eventually!preventing!
PETMP HDDA(or(DVS EGMEA r fB Pgel HDDA DVS
1 3 0 0.67 2.00 0.71 Yes Yes
1 3 1 0.57 1.86 0.82 No Yes
1 3 2 0.50 1.75 0.94 No Yes
1 3 3 0.44 1.67 1.06 No Yes
Molar(ratio(of(monomers Gelation
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the! system! from! gelation.! However,! PETMP! :! DVS! :! EGMEA! systems! with! the! same!monomer! ratios! as! above! exhibited! completely! different! gelation! behavior.! All!monomer!ratios!ranging! from!1! :!3! :!0! to!1! :!3! :!3! formed!a!gel.!This!result! is!attributed!to!the!high!reactive!selectivity!of!the!vinyl!sulfone!over!the!acrylate,!which!causes!the!difference!in!the!observed!Pgel!between!PETMP!:!DVS!:!EGMEA!and!PETMP!:!HDDA!:!EGMEA!systems!since!the!vinyl!sulfone!and!the!acrylate!do!not!have!the!same!reactivity.!Schematic!illustrations!of!these!two!reactive!systems!are!shown!in!Fig.!5.7.!In!the!case!of!PETMP!:!DVS!:!EGMEA!=!1!:!3! :! 3! (Fig.! 5.7b),! addition! of! a!monofunctional! acrylate! does! not! significantly! impact! the!gelation!behavior!since!the!thiols!predominantly!have!reacted!with!vinyl!sulfones.!Delayed!gelation! could!also!be!achieved!by!using!a! combination!of!multifunctional! acrylate! and!a!monofunctional!vinyl!sulfone.!Thus,!combinations!of!vinyl!sulfone!and!acrylate!can!be!used!to! control! gelation! behavior! in! crosslinked! polymer! networks! formed! by! thiolDMichael!addition! reactions.! This! result! represent! just! one! of! the! many! examples! which! take!advantage! of! the! nearly! orthogonal! reaction! systems! which! include! several! functional!groups!simultaneously!present!within!a!single!reacting!system.!
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!Figure!5.7.!Schematic!illustration!of!the!network!formation!in!(a)!PETMP!:!HDDA!:!EGMEA!=!1!:!3!:!3!and!(b)!PETMP!:!DVS!:!EGMEA!=!1!:!3!:!3!systems.!For!the!system!depicted!in!(a),!addition! of! the! monofunctional! EGMEA! monomer! prevents! network! formation! and!gelation.!In!contrast,!gelation!occurs!for!the!system!depicted!in!(b)!since!vinyl!sulfones!are!much!more!reactive!to!the!thiolDMichael!addition!reaction!and!the!effect!of!EGMEA!addition!is!minimal.!!
5.4.( Conclusions(! In!this!study,!we!have!shown!the!high!reactivity!and!selectivity!of!vinyl!sulfone!in!a!nucleophileDcatalyzed! thiolDMichael! addition! reaction! in! which! both! vinyl! sulfones! and!acrylate!are!present.!The!conditions!under!which!a!thiolDMichael!addition!reaction!between!thiols!and!vinyl!sulfones!can!be!used!as!a!click!reaction!have!been!studied.!The!presence!of!anionic! species! has! been! shown! to! be! key! to! the! nucleophileDcatalyzed! reaction,! as! the!
PETMP% HDDA% EGMEA%
Thiol&Michael+
addi-on+
No+gela-on+
(a)%PETMP%:%HDDA%:%EGMEA%=%1%:%3%:%3%system%
PETMP% DVS% EGMEA%
“Selec&ve”)
thiol.Michael)
addi&on)
Gela%on(
(b)%PETMP%:%DVS%:%EGMEA%=%1%:%3%:%3%system%
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presence! of! competing! protic! species! other! than! a! thiol! strongly! impacts! the! reaction!kinetics! and! in! extreme! cases,! inhibits! the!Michael! addition! reaction.! The! high! reactivity!and! selectivity! of! vinyl! sulfones,! together! with! the! hydrolytically! and! thermally! stable!thioether! sulfone! bond! formation! indicate! that! reactions! between! thiols! and! the! vinyl!sulfones! are! a! powerful! tool! to! implement! in! synthetic! and!polymer! chemistry! to! obtain!molecules!and!polymers!with!distinct!functionality!and!properties.!!
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Chapter(6(
(
Facile(and(Efficient(Synthesis(of(Dendrimers(and(One=Pot(Preparation(of(Dendritic=
Linear(Polymer(Conjugates(via(a(Single(Chemistry:(Utilization(of(Kinetically(Selective(
Thiol=Michael(Addition(Reactions(
(Manuscript! submitted! under! the! same! title! in! Journal) of) the) American) Chemical) Society.!Chatani,!S.;!Podgórski,!M.;!Wang,!C.;!Bowman,!C.!N.(!
!! A!kinetically!selective!thiolDMichael!addition!“click”!reaction!was!employed!for!facile!and!efficient!synthesis!of!dendrimers!as!a! first!example!of!using!solely!a!single!chemistry!without!protection/deprotection!reactions!in!dendrimer!synthesis.!Firstly,!a!wide!range!of!thiols! and! vinyls! were! assessed! for! their! reaction! selectivity! and! several! combinations!demonstrated!superior!selectivity.!This!result!led!to!a!design!of!new!monomers!A*A2!(vinyl)!and!B*B2!(thiol)!that!both!have!three!functional!groups!with!one!much!more!reactive!and!
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two!much!less!reactive!moieties.!Starting!from!a!multifunctional!core!thiol,!a!5th!generation!dendrimer!with!96!peripheral!functional!groups!was!synthesized!in!less!than!a!half!day!by!sequentially! reacting! A*A2! and! B*B2! monomers! all! under! thiolDMichael! addition! reaction!conditions.! Furthermore,! a! oneDpot! dendriticDlinear! polymer! conjugation! was!demonstrated! by! a! convergent! synthesis! approach! starting! from! an! alkyneDterminated!dendron! synthesis! that! was! subsequently! coupled! with! azideDterminated!polyethyleneglycol,!all! in!oneDpot!with! just!a! single,! final!purification!step!needed! for! the!entire!procedure.!The!results!herein!will!provide!a!new,!robust!and!efficient!methodology!for! synthesis! of! dendrimers! as! well! as! other! complex! polymer! architectures! such! as!dendriticDlinear! polymer! conjugates,! heterofunctional! dendrimers! and! dendronized!surfaces.!!
6.1.( Introduction(! A"dendrimer" is" a"macromolecule)with)a)wellDdefined&globular& structure& that&has&a&large& number& of& peripheral& functional& groups,& which& leads& to& numerous& specific&characteristics) that) make) it) attractive) for) a) wide) range) of) applications) ranging) from)biomedical* to* catalysis* to*materials) science.1!Despite' this' potential,' synthetic' complexity'has$largely$prohibited$its$practical$implementation.$In$general,$dendrimers$are$synthesized$via$either$a$convergent$or$divergent$pathway$by$using$AB2!and$CD2!monomer&types,&adding&to# the# number# of# functionalities# with# each# generation.# Generally,# the# synthesis# includes#protection/deprotection+chemistry+sequences+or+ implements+ two+orthogonal+ chemistries.+Obviously,+ protection/deprotection+ reactions+ necessitate& extra& reaction& steps& with& low&
! 94!
atom% efficiency;% thus,% the% utilization% of% orthogonal% chemistries,% especially% “click”%chemistries,*has*been*widely*investigated*for*dendrimer*synthesis.1–3!! Examples) of) orthogonal) “click”) chemistry) pairs) reported) include!etherification/CuAAC,4! esterification/CuAAC,4! thiolDene/esterification,5,6! thiolDyne/esterification,7! azaDMichael/thiolDMichael,8,9! epoxyDamine/thiolDene,10! thiolDene/CuAAC,11! azaDMichael/thiolDene,12! thiolDMichael/esterification13! and$ thiolDene/nucleophilic+ substitution.14! These% examples% show% the% power% of% orthogonal) “click”!chemistry! pairs! in# dendrimer# synthesis;# specifically,+ no# requirement# for! end$ group$protection/deprotection+ and+ very! high$ functional' group' conversions! without' any' side'reactions.!Although(implementation(of(“click”(chemistries(have(shown(a(large(potential(for(dendrimer' synthesis,' all' examples' have' used' at' least' one' reaction' chemistry' that' suffers'from%either% low%reaction%yield%(<%60%)%or% long%reaction%times%(>%12%h)%that%compromises%the$overall$efficiency.$ In$addition,$divergent$growth$dendrimer$synthesis$ from$orthogonal$chemistries)has)always)used)a)set)of)two)different)reactions,)which)means)that)the)reaction)condition' changes' completely' at' each' step,' adding' extra' complexity' and' also' making' it'difficult( to( synthesize( a( high( generation( dendrimer( in( oneDpot$ from$ a$ core$ molecule.$Therefore,(the(use(of(single(“click”(reaction(that(do(not(require(any(protection/deprotection(reactions*would%be%ideal%for%dendrimer%synthesis.15!! The$thiolDMichael(addition(reaction&is&a&“click”&reaction&between&thiols&and&electronDdeficient( vinyls,( and( it( is( well$ known$ that$ the$ reactivity! of# thiols# and# vinyls# differs!substantially* depending! to# their# structures.16–18! However,( the$ reaction$ selectivity! of#different( functional( groups( has! not$ been$ extensively$ investigated$ to$ date," particularly"quantitatively." Previous( work! has$ shown$ that$ the$ thiolDMichael( addition( reaction( in( a(
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system& containing& equal&molar& amounts& of& thiol,& vinyl& sulfone& and& acrylate& results& in& an&almost'exclusive'formation'of' the'thiolDvinyl&sulfone&adduct,&which& indicates&the#potential)for$exceptional+substrate(selectivity)of)the)thiolDMichael(addition(reaction.19!! In# this%chapter," the"differences" in" selectivity" for$ a!wider& range&of& thiols& and&vinyls&have%been% further% investigated%and%applied% to%a%novel%design%of%A*A2!and$B*B2!monomers'and$ultimately)an#efficient#synthesis#of#5th#generation#dendrimers#via#single#chemistry.!!
6.2.( Experimental(
6.2.1.( Materials!! Benzenethiol! (BT),! methyl! thioglycolate! (MTG),! methyl! 3Dmercaptopropionate!(MMP),!1Dhexanethiol!(HT),!NDpropylmaleimide!(PMI),!phenyl!vinyl!sulfone!(PVS),!methyl!acrylate!(MA),!methyl!methacrylate!(MMA),!propargyl!acrylate,!trimethylolpropane!diallyl!ether,! triethylamine! (TEA),! 1,5Ddiazabicyclo[4.3.0]nonD5Dene! (DBN),! copper! sulfate!pentahydrate!(CuSO4•5H2O),!sodium!ascorbate,!2Dchloroethanesulfonyl!chloride,!thioacetic!acid,! hydrochloric! acid,! pDtoluenesulfonic! acid! (pUTSA),! thioglycolic! acid,! poly(ethylene!glycol)! diazide! (PEGDdiazide,! Mn! =! 5000),! dichloromethane,! methanol,! chloroform,!chloroformDd! and! toluene! were! purchased! from! SigmaDAldrich! and! used! as! received.!Trimethylolpropane! tris(3Dmercaptopropionate)! (TMPTMP)! was! donated! from! Bruno!Bock.! Azobisisobutyronitrile! (AIBN)! was! purchased! from! SigmaDAldrich! and! was!recrystallized! from! methanol! before! use.! Glycerol! dimethacrylate! was! purchased! from!SigmaDAldrich!as!a!mixture!of! regioisomers!and!was!purified!by!column!chromatography!(ethyl! acetate:! hexane,! 10:! 90! gradient! to! 30:! 70)! to! obtain! the! isomer! possessing!secondary! alcohol.! TMPTMP! was! purified! by! column! chromatography! (ethyl! acetate:!
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hexane,!10:!90!gradient!to!30:!70)!to!ensure!the!functionality!of!three!as!the!core!molecule!of!dendrimer!synthesis.!!
6.2.2.( Synthesis(
Glycerol( 1,3=dimethacrylate( 2=vinyl( sulfonate( (1,( A*A2).! To! a! solution! of! glycerol!dimethacrylate! (1.73!g,!7.6!mmol)! in!20!mL!CH2Cl2,!TEA! (3,63!g,!35.9!mmol)!was!added.!The!mixture!was!cooled! to!0! °C!and!2Dchloroethanesulfonyl! chloride! (2.92!g,!17.9!mmol)!was!added!dropwise.!The!mixture!was!gradually!heated!to!r.t.!and!was!stirred!overnight!at!r.t.! The! reaction!mixture!was!washed! by!water! and! brine,! organic! phase!was! dried! over!Na2SO4!and!was!purified!by!column!chromatography!(eluent:!ethyl!acetate/!hexane!=!30/!70)!to!obtain!1!as!a!liquid!(1.41!g,!yield:!59%).!!
1H!NMR!(400!MHz,!CDCl3):!d!6.58!(dd,!J!=!16.6,!9.8!Hz,!1H),!6.43!(d,!J!=!16.6!Hz,!1H),!6.17!(m,)2H),!6.10!(d,!J!=!9.8!Hz,!1H),!5.65!(m,!2H),!4.99!(tt,!J!=!6.3,!4.0!Hz,!1H),!4.44!(dd,!J!=!12.3,!4.0!Hz,!2H),!4.32!(dd,!J!=!12.3,!6.3!Hz,!2H),!1.96!(m,!6H).!13C!NMR!(400!MHz,!CDCl3):!δ!166.6,!135.4,!133.1,!130.0,!126.9,!62.6,!30.9,!18.2.!HRMS!(ESI)!m/z:![M!+!Li]+!Calcd!for!C13H18O7S,!325.0934;!found,!325.0939.!!
Trimethylolpropane( bis(3=mercaptopropylether)( monothioglycolate( (3,( B*B2).!Trimethylolpropane! diallylether! (6.49! g,! 30.3!mmol),! thioacetic! acid! (5.54! g,! 72.8!mmol)!and! AIBN! (0.12! g)! were! mixed! together.! The! mixture! was! heated! to! 60D70! °C! and! was!stirred! overnight.! The! unreacted! thioacetic! acid! was! removed! in) vacuo,! and! the! crude!product!2a!was!used! in! the!next! step!without! further!purification.!To!a! solution!of!2a! in!methanol!(100!mL),!conc.!HCl!aq!(12!mL)!was!added.!The!mixture!was!stirred!at!reflux!for!
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3!h.!Solvents!were!removed!in)vacuo!to!obtain!crude!2b!and!2b!was!used!in!the!next!step!without! further! purification.! To! a! solution! of!2b! in! toluene,! thioglycolic! acid! and! pDTSA!were!added.!The!mixture!was!stirred!at!reflux!using!DeanDStark!apparatus!to!remove!water!from! the! reaction,! and! was! reacted! until! there! was! no! observation! of! increase! in! the!amount!of!water.!Toluene!and!unreacted!thioglycolic!acid!were!removed!in!vacuo,!and!the!crude!mixture!was! purified! by! column! chromatography! (eluent:! ethyl! acetate/! hexane! =!30/!70)!to!obtain!3(as!a!viscous!liquid!(3.56!g,!yield:!33%!overall).!
1H!NMR!(400!MHz,!CDCl3):!δ!4.07!(s,!2H),!3.47!(t,!J!=!5.9!Hz,!4H),!3.27!(s,!4H),!3.26!(d,!J!=!8.2!Hz,!2H),!2.60!(dt,!J!=!7.9,!7.0!Hz,!4H),!2.00!(t,!J!=!8.2!Hz,!1H),!1.83!(tt,!J!=!7.0,!5.9!Hz,!4H),!1.41!(q,!J!=!7.6!Hz,!2H),!1.35!(t,!J!=!7.9!Hz,!2H),!0.85!(t,!J!=!7.6!Hz,!3H).!13C!NMR!(400!MHz,!CDCl3):!
δ!170.6,!70.8,!69.1,!66.1,!42.5,!33.7,!26.6,!23.0,!21.5,!7.6.!HRMS!(ESI)!m/z:![M!+!Li]+!Calcd!for!C14H28O4S3,!362.1296;!found,!362.1298.!!
General(procedure(for(dendrimer(synthesis(using(A*A2(monomer(1.!To!a!solution!of!1!(1.2!eq!to!thiols)!in!CHCl3,!a!mixture!of!thiolDterminated!compound!(1.0!eq!thiol!functional!groups)!and!DBN!(0.05!eq! to! thiols)! in!CHCl3!was!added!dropwise.!The! reaction!mixture!was!stirred!at!r.t.!for!30!min,!and!was!purified!by!passing!through!a!silica!plug!(CHCl3!for!3!column!volumes,!then!MeOH/!CHCl3!=!10/!90!for!3!column!volumes)!to!obtain!the!product.!!
General(procedure(for(dendrimer(synthesis(using(B*B2(monomer(3.!To!a!mixture!of!3!(1.2! eq! to! vinyls)! and! DBN! (0.05! eq! to! vinyls)! in! CHCl3,! a! solution! of! vinylDterminated!compound! (1.0! eq! vinyl! functional! groups)! in! CHCl3! was! added! dropwise.! The! reaction!mixture!was!stirred!at!rt!for!2!h,!and!was!purified!by!passing!through!a!silica!plug!(CHCl3!
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for!3! column!volumes,! then!MeOH/!CHCl3!=!10/!90! for!3! column!volumes)! to!obtain! the!product.!!
Procedure( for( dendron( synthesis( starting( from( propargyl( acrylate.! Synthesis! of!dendronDG1.!To!a!mixture!of!3!(1.2!eq)!and!DBN!(0.05!eq)!in!DMF,!a!solution!of!propargyl!acrylate!(1.0!eq)!in!DMF!was!added!dropwise.!The!reaction!mixture!was!stirred!at!rt!for!30!min,!and!used!as!a!dendronDG1!mixture!without!purification.!!
Synthesis( of( dendron=G2.! To! a! solution! of! 1! (1.2! eq! to! vinyls)! in! DMF,! a! dendronDG1!mixture! (1.0!eq!vinyl! functional!groups)!was!added!dropwise.!DBN!was! further!added! to!adjust!the!total!amount!of!DBN!to!0.05!eq!to!vinyls.!The!reaction!mixture!was!stirred!at!rt!for!30!min,!and!used!as!a!dendronDG2!mixture!without!purification.!!
Synthesis( of( dendron=G3( and( higher.! For! the! synthesis! of! higher! generation!dendrons,!essentially!the!procedures!for!dendronDG1!and!dendronDG2!were!repeated.!!
Procedure( for( CuAAC( conjugation( between( dendron=Gx( and( PEG=diazide.! To! a!dendronDGx!mixture!(1.0!eq!alkyne!functional!groups),!PEGDdiazide!(0.5!eq!azide!functional!groups)! was! added! and! the! mixture! was! stirred! until! PEGDdiazide! was! completely!dissolved.! To! this!mixture,! CuSO4•5H2O! (0.05! eq)! and! sodium! ascorbate! (0.25! eq)! were!added! as! solutions! of! water,! and! the! reaction!mixture! was! stirred! at! rt! overnight.! PEGD
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dendron!Gx!polymer!was!precipitated!into!diethylether!three!times!to!obtain!the!product!as!a!white!solid.!!
6.2.3.( Methods(
Nuclear(Magnetic(Resonance((NMR).!NMR!spectra!were!recorded!on!a!Bruker!AvanceDIII!400!NMR!spectrometer!at!25! °C! in!chloroformDd.!All! chemical! shifts!are!reported! in!ppm!relative!to!chloroform!solvent!peak!(δ!=!7.26!ppm).!!
Fourier=Transform( Infrared( (FT=IR).! FTDIR! experiments!were! performed!using!Nicolet!670.! Samples! were! prepared! by! placing! the! reaction! mixture! in! between! two! NaCl! salt!plates.!Peaks!used!to!detect!completion!of!the!reaction!were!2580!cmD1!and!1640!cmD1!for!thiol!and!methacrylate,!respectively.!!
Matrix=Assisted( Laser( Desorption/Ionization( Time=of=Flight( Mass( Spectroscopy(
(MALDI=TOF=MS).! MALDIDTOF! MS! spectra! were! recorded! on! an! Applied! Biosystems!VoyagerDDE!STR!Biospectrometry!Workstation!in!a!positive!ion!mode!with!linear!detector.!Samples!were!dissolved!in!THF,!and!αDcyanoD4Dhydroxycinnamic!acid!(CHCA)!and!sodium!trifluoroacetate!were!used!as!a!matrix!and!a!cationizing!agent,!respectively.!!
Gel( permeation( chromatography( (GPC).!GPC!was!used! to!determine!molecular!weight!and! molecular! weight! distribution.! A! Waters! 515! pump! was! running! chloroform! at! 0.5!mL/min!with!Waters!2414! refractive! index!detector.!The! column! setup!was! consisted!of!PSS! SDV! analytical! columns! with! porosity! of! 1,000! Å,! 100,000! Å! and! a! preDcolumn.!
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Polystyrene! standards! (PSS!ReadyCal! Kit)!were! used! to! determine! the!molecular!weight!and!molecular!weight!distribution!of!synthesized!dendrimers.!!
Selectivity(assessment(of( thiols.!To!a!mixture!of!MA!(1.0!M),!thiol!A!(1.0!M)!and!thiol!B!(1.0!M)!in!CDCl3,!TEA!(0.1!M)!was!added!and!the!mixture!was!stirred!at!rt!for!30!min!(or!overnight!for!MA/MMP/HT!system).!The!reaction!mixture!was!diluted!with!CDCl3!and!was!directly!used!for!1H!NMR!to!calculate!the!ratio!of!the!product!derived!from!thiol!A!and!thiol!B.!!
Selectivity(assessment(of(vinyls.!To!a!mixture!of!MMP!(1.0!M),!vinyl!A!(1.0!M)!and!vinyl!B!(1.0!M)!in!CDCl3,!TEA!(0.1!M)!was!added!and!the!mixture!was!stirred!at!rt!for!30!min!(or!overnight! for!MMP/MA/MMA!system).!The! reaction!mixture!was!diluted!with!CDCl3! and!was!directly!used!for!1H!NMR!to!calculate!the!ratio!of!the!product!derived!from!vinyl!A!and!vinyl!B.!!
6.3.( Results(and(discussion(! Four!different!functional!groups!for!both!thiols!and!vinyls!(Fig.!6.1)!were!chosen!to!investigate!their!selectivity!towards!the!thiolDMichael!addition!reaction.!To!assess!the!thiol!selectivity,!methyl!acrylate! (MA)/thiol!A/thiol!B!=!1.0/1.0/1.0! (mol/L,! (M))! in!CDCl3!was!reacted!using!0.1!M!TEA!as!a!catalyst.!All!reactions!were!complete!in!30!min!as!determined!by!FTDIR!from!the!disappearance!of!vinyl!peak!at!1620!cmD1,!except! for!the!MA/MMP/HT!system,!which!was!reacted!overnight!to!ensure!full!conversion!of!the!MA.!1H!NMR!was!used!to! determine! the! ratio! of! the! products! derived! from! thiol! A! and! B! to! obtain! selectivity!
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values!calculated!as!(thiol!A!product!molar!ratio)/(thiol!B!product!molar!ratio)!(see!ESI!for!details).! A! similar! method! was! used! to! assess! the! selectivity! of! vinyls,! using! methyl! 3Dmercaptopropionate!(MMP)/vinyl!A/vinyl!B!=!1.0/1.0/1.0!(M)!in!CDCl3!with!0.1!M!TEA!as!a!catalyst.!Similarly,!all! reactions!were!completed! in!30!min!except! for! the!MMP/MA/MMA!system! that!was! reacted! overnight.! Selectivity! values! calculated! from! these! experiments!are!summarized!in!Table!6.1.!!
!Figure! 6.1.! Chemical! structures! of! the! thiols! and! vinyls! used! to! assess! their! selectivity!between!different!structures.!!! !
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Table.!6.1!Selectivity!values!obtained!from!model!reaction!systems!(a)!MA/thiol!A/thiol!B!and!(b)!MMP/vinyl!A/vinyl!B.a!!
!
!
aConcentrations!of!each!monomer!were!1.0!M!in!CDCl3.!0.1!M!TEA!was!used!as!a!catalyst.!bObtained!from!1H!NMR!after!30!min!reaction!unless!otherwise!noted.! ! cReaction!mixture!was!stirred!!overnight.!dNo!product!was!detected.!!! Amazingly,+ certain+ thiolDvinyl& ternary& combinations& yielded& superior& functional&group&selectivity.&For&thiols,&BT/HT&and&MTG/HT&pairs&resulted"in"almost"exclusive"reaction"of# either# BT# or# MTG# over# HT.# Similarly# for# the# vinyls,# the# PMI/MMA,# PVS/MMA# and#MA/MMA$pairs$ resulted$ in$PMI,$ PVS$or$MA$ reacting$ almost$ exclusively$ over$MMA.$Other$thiol&pairs&such&as&BT/MMP&and&MTG/MMP,&and&vinyl&pairs&such&as#PMI/MA#and#PVS/MA#resulted( in( reduced( but( still( reasonable( selectivity;( where( one( of( the( functional( groups(formed'at'least'90%'of'the'product.'These'results'provided'not'only'the'great'selectivity'of'different( functional( groups( in( the( thiolDMichael( addition% reaction,% but% also% the% rapid%reaction) kinetics) (most) reactions) were) complete) within) 30! min),& which& are& both&advantageous+for+the+synthesis+of+dendrimers.!
(a)
Thiol A Thiol B Thiol A Thiol B
BT MTG 0.660 0.340 1.9
BT MMP 0.975 0.025 40
BT HT 0.995 0.005 200
MTG MMP 0.925 0.075 12
MTG HT 0.995 0.005 200
MMP HT 0.908c 0.092c 10
Thiol type product molar ratiob Selectivity
(b)
Vinyl A Vinyl B Vinyl A Vinyl B
PMI PVS 0.715 0.285 2.5
PMI MA 0.925 0.075 12
PMI MMA 1.000 -d > 200
PVS MA 0.980 0.020 50
PVS MMA 1.000 -d > 200
MA MMA 0.995c 0.005c 200
SelectivityVinyl type product molar ratio
b
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( Based! on! these! selectivities,! A*A2! and! B*B2! monomers! for! divergent! synthesis! of!dendrimers! were! designed! as! shown! in! Scheme! 6.1.! The! A*A2! monomer! possesses! one!‘more!reactive’!vinyl!(vinyl!sulfonate,!A*)!and!two!‘less!reactive’!vinyls!(methacrylates,!A2),!while! the! B*B2! monomer! has! one! ‘more! reactive’! thiol! (thioglycolate,! B*)! and! two! ‘less!reactive’!thiols!(alkanethiols,!B2).!Both!combinations!expressed!superior!selectivity!(>!99%!product!from!the!more!reactive!species)!as!shown!in!Table!6.1.!!Scheme! 6.1.! Synthetic! procedures! of! A*A2! and!B*B2!monomers! and! schematic! dendrimer!growth.!!
!
!Reagents! and! conditions:! (i)! ClCH2CH2SO2Cl,! TEA,! CH2Cl2,! 0! °C! then! rt,! 10! h,! 50%;! (ii)!CH3COSH,!AIBN,!60D70!°C,!10!h;!(iii)!conc.!HCl!aq.,!MeOH,!reflux,!3!h;!(iv)!CH2(SH)COOH,!pDTSA,!toluene,!reflux,!3!h,!33%!overall;!(v)!1!(1.2!eq!to!thiol),!DBN!(0.05!eq!to!thiol),!CHCl3,!30! min,! 98%(G1),! 90%(G3),! 92%(G5);! (vi)! 3! (1.2! eq! to! methacrylate),! DBN! (0.05! eq! to!methacrylate),!CHCl3,!2!h,!97%(G2),!90%(G4).!!! The$ A*A2! monomer& 1! was$ synthesized$ via! a" one$ step$ reaction$ of$ glycerol$dimethacrylate, and, 2Dchloroethylsulfonyl- chloride# using# TEA# as# a# catalyst.! The$ B*B2!monomer& 3! was$ synthesized$ starting( from( commercially( available( trimethylolpropane(
O
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diallyl&ether,&which&was&reacted&with&thioacetic&acid&via&a"radical'thiolDene#reaction#to#give#the$thioester(2a."Acetyl"groups"of"thioester#2a!were$cleaved$via!acidDcatalyzed)hydrolysis)to)give% the$ dithiol'2b," which" was" finally" reacted" with" 2Dmercaptoacetic* acid* via! azeotropic*esterification+to+provide+B*B2!monomer$3.!! Trimethylolpropane!tris(3Dmercaptopropionate)!(TMPTMP)!was!chosen!as!a!core!of!the! dendrimer! (Scheme!6.1).! TMPTMP!was! purified! by! column! chromatography! prior! to!the!reaction!to!remove!any!disulfides!and!was!reacted!with!the!A*A2!monomer!(1.2!eq!to!thiol! functional! group)! in! CHCl3!using! DBN! (0.05! eq! to! thiol! functional! group)! as! a! base!catalyst.! The! reaction! was! complete! after! 30! min,! which! was! confirmed! by! the!disappearance! of! the! thiol! peak! from! FTDIR! (Fig.! 6.2).! The! reaction!mixture! was! simply!purified!by!passing!through!a!plug!of!silica,!initially!flushed!by!CHCl3!to!wash!out!unreacted!A*A2!monomers,!which!were!followed!by!10%!MeOH/CHCl3!to!retrieve!G1–[methacrylate]6!in! an! excellent! yield! (98%).! The! end! groups! of! G1–[methacrylate]6! only! contained!methacrylates!and!no!vinyl!sulfonates!due!to!their!excellent!reaction!selectivity,!which!was!also! supported! by! the! initial! selectivity! study! (Table! 6.1b).! MALDIDTOFDMS! gave! the![M+Na]+!MS!peak!in!good!agreement!with!its!theoretical!molecular!weight!(Table!6.2,!Fig.!6.3).! The! purified! G1–[methacrylate]6! was! then! reacted! with! B*B2! monomer! (1.2! eq! to!methacrylate)! under! the! same! condition! as! described! above,! using! DBN! (0.05! eq! to!methacrylate)!as!a!base!catalyst.!The!reaction!was!also!monitored!by!FTDIR!(Fig.!6.2)!and!was! complete! within! 2! h! as! indicated! by! the! disappearance! of! the! ! methacrylate! peak,!which!took!a!little!longer!than!the!reaction!for!synthesizing!the!G1–[methacrylate]6,!mainly!due! to! the! low! reactivity! of! methacrylates! in! the! thiolDMichael! addition! reaction.! The!reaction!mixture!was! purified! using! a! plug! of! silica! to! obtain!G2–[thiol]12! in! a! very! good!
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yield!(97%).!Basically,!dendrimer!growth!was!achieved!by!repeating!the!above!procedures,!to! finally! obtain! a! G5–[methacrylate]96! in! just! 5! steps! and! less! than! 10! h! with! excellent!overall!yield!(71%!from!the!core!TMPTMP).!Dendrimer!growth!was!monitored!by!1H!NMR!(Fig.! 6.3),! MALDIDTOFDMS! (Fig.! 6.4)! and! GPC! (Table! 6.2! and! Fig.! 6.5).! Sequential!appearance/disappearance!of!methacrylate!vinyl!protons!and!alkylthiol!protons!could!be!clearly!observed!in!1H!NMR!spectra!(Fig.!6.3),!without!any!significant!signals!from!the!vinyl!sulfonate! vinyl! protons! and! thioglycolate! protons,! demonstrating! the! outstanding!selectivity!of!the!thiolDMichael!addition!reaction.!!
!Figure! 6.2.! FTDIR! spectrum! of! the! reaction! mixtures! of! each! dendrimer! generation.!Methacrylate!peaks!at!1640!cmD1!were!clearly!observed!in!G1,!G3!and!G5!accompanied!by!a!disappearance!of! thiol!peak!at!2580!cmD1.! In!contrast,!G2!and!G4!have!shown!thiols!peaks!without!any!methacrylate!peaks.!Spectrum!of!G1,!G3!and!G5!were!recorded!after!30!min!of!reaction,!and!G2!and!G4!were!recorded!after!2!h!of!reaction.!!
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!Figure! 6.3.! 1H! NMR! spectra! of! each! dendrimer! generation.! Interchanging! peripheral!functional!groups!from!G1!to!G5!could!be!clearly!observed!from!the!spectra!(square:!vinyl!protons!from!methacrylate,!arrow:!thiol!proton!from!alkylthiol).!!! !
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!
!
!
!Figure!6.4.!MALDIDTOF!MS!spectrum!of!(a)!G1,!(b)!G2!and!(c)!G3.!
(a)!
(b)!
(c)!
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!Table!6.2.!Characterization!of!each!generation!by!MALDIDTOFDMS!and!GPC.!
!
aCalibrated!by!polystyrene!standard.!bNo!peaks!observed.!!
!Figure!6.5.!GPC!traces!of!dendrimers!G1!to!G5.!!! Characterization!by!MALDIDTOFDMS!(for!G1,!G2!and!G3)!supported!the!formation!of!each!ideal!generation!(Table!6.2,!Fig.!6.4);!however,!generations!above!G4!did!not!give!any!obvious! signal! due! to! their! ionization!difficulty! under! these! conditions.! GPC! traces! show!
MALDI-TOF
Dendrimer Mcalc. Mobs. [M+Na]+ Mna PDI
G1 1353 1376 1500 1.05
G2 3492 3515 3500 1.09
G3 7313 7345 7200 1.12
G4 15870 -b 11800 1.05
G5 31150 -b 19100 1.05
GPC
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narrow!polydispersity!of! all! generations,! and!noticeably! for!G4!and!G5!with!exceptionally!small!PDI!for!molecules!that!possess!48!or!96!peripheral!functional!groups.!Small!fractions!of! dimeric! products! could! be! observed! from! GPC,! which! could! be! a! result! of! the! less!reactive!functional!group!coupling!to!another!molecule.!This!result!minimally!increased!the!polydispersity;! however! if! needed,! it! could! be! reduced! by! using! larger! excesses! of!monomers! or! lower! catalyst! contents! to! minimize! the! probability! for! the! less! reactive!functional!group!to!react.!It!should!also!be!noted!that!thiolDterminated!dendrimers!(G2!and!G4)!spontaneously!form!disulfide!crosslinks!in!the!presence!of!oxygen;!however,!this!issue!was! readily! avoided! by! keeping! them! under! inert! gas! or! by! proceeding! to! the! next!generation! immediately.! Finally,! peripheral! thiol! or! methacrylate! functional! groups! are!easily! postDmodified! by! using! the! same! thiolDMichael! addition! reaction! with!monofunctional! thiols! or! vinyls,! or! by! other! reactions! such! as! thiolDene,! thiolDyne,! thiolDepoxy,!or!can!be!even!radically!homoD!or!coDpolymerized!with!(meth)acrylate!groups.!
(
( OneDpot$ synthesis$ of$ clickable$ dendrons$ will$ be$ extremely$ useful$ for$ preparing$complex' polymer' architectures' such' as' dendriticDlinear' polymer' conjugates,1,20!heterofunctional- dendrimers1! and$ dendronized$ surfaces.1! Herein,' we' demonstrate' a'synthetic) procedure) for) forming) dendriticDlinear' polymer' conjugate' bearing'polyethyleneglycol+ (PEG)+ cores+ from+ copperDcatalyzed) alkyne) azide) coupling) (CuAAC)) of)bisDazide& functionalized" PEG" and" alkyneDterminated) dendrons.) All) reactions) were)performed(in(oneDpot$without$any$purification$steps$during$the$synthesis$of$dendrons.$Only$a"single"purification"step"was"required"after"the"CuAAC"reaction"by"taking"advantage"of"the"
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kinetically* selective& thiolDMichael( addition( reaction( and( the( orthogonality( of( two( click(reactions.!! Propargyl! acrylate! was! chosen! as! a! starting! material! for! the! oneDpot! dendron!synthesis,!and!the!procedure!is!described!in!Scheme!6.2.!In!the!first!step,!propargyl!acrylate!was!reacted!with!a!small!excess!(1.2!eq)!of!B*B2!monomer!3!using!DBN!as!a!catalyst!(0.05!eq)! in!DMF.!The!reaction!was!complete!within!30!min!as!confirmed!by!1H!NMR!(Fig.!6.6)!from!the!disappearance!of!acrylate!vinyl!peaks!to!obtain!dendronDG1.!This!reaction!mixture!of!dendronDG1!was!subsequently!added!to!a!DMF!solution!of!1!(1.2!eq!to!total!thiols)!with!additional!DBN!(total!0.05!eq!to!the!total!thiols)!under!vigorous!mixing.!The!mixture!was!immediately! purged!with! nitrogen! gas! for! 30! s! to! prevent! the!mixture! from! gelation! by!thiol!oxidation!to!disulfides.!This!reaction!was!also!complete!within!30!min!as!confirmed!by!
1H!NMR!(Fig.!6.6)!from!the!disappearance!of!the!thiol!peak!of!thioglycolate!and!also!from!the!decrease!of! the!vinyl!sulfonate!peak!to!obtain!dendronDG2!as!a!crude!mixture.!To!this!mixture,! PEGDdiazide! was! added! (0.5! eq! azide! functional! groups! to! alkyne)! and!CuSO4•5H2O!and!sodium!ascorbate!were!sequentially!added!as!solutions!in!water!and!the!mixture!was!stirred!overnight!to!ensure!complete!conversion!of! the!azides.!The!resulting!PEGDdendron! G2! conjugate! was! precipitated! into! diethylether! and! characterized! by! GPC!(Fig.!6.7!and!Table!6.3)!and!1H!NMR!(Fig.!6.6).!GPC!results!have!shown!that!the!molecular!weight!of! the!PEGDdendron!G2! shifted!higher! (approximately!1.5! times)! than! the!original!PEGDdiazide,! which! was! close! to! what! was! expected! (1.4! times)! from! the! theoretical!molecular! weights.! There! was! no! significant! adverse! effect! on! polydispersity,! which!supports!the!successful! formation!of!dendrons!and!an! ideal,!quantitative!CuAAC!reaction.!DendronDG4!was!synthesized!in!a!similar!procedure!to!Scheme!6.2,!with!just!two!additional!
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steps! after! dendronDG2,! which! are! as! simple! as! repeating! Scheme! 6.2(i)! and! 6.2(ii).! A!conjugation! reaction! between! PEGDdiazide! and! dendronDG4! was! performed! in! a! similar!manner!to!that!of!dendronDG2,!and!the!GPC!characterization!data!are!also!listed!in!Fig.!6.7!and! Table! 6.3.! The! Mn! of! PEGDdendron! G4! further! shifted! higher,! and! notably,! the!polydispersity!decreased!dramatically! (PDI!=!1.05)! compared! to! the!original!PEGDdiazide!(PDI!=!1.20),!due!to!the!conjugation!of!monodisperse!dendrons!onto!the!polydisperse!PEGDbased! molecules.! The! whole! synthetic! process! required! only! a! single! purification! step!(precipitation!after!CuAAC),!which!makes!this!methodology!a!promising!example!of!a!truly!‘oneDpot’! synthesis! of! a! dendritic! polymer,!which!has! previously! been! extremely!difficult!due! to! multiple! different! chemistries! involved! in! each! step! of! the! dendrimer! synthesis!which!often!requires!completely!different!media,!catalysts!and!conditions!for!the!formation!of!each!generation.!!! !
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Scheme!6.2.!Synthetic!procedure!of!generation!2!alkyneDterminated!dendron!(dendronDG2)!and!its!conjugation!with!PEGDdiazide!using!CuAAC.!!
!
!Reagents!and!conditions:!(i)!3!(1.2!eq!to!vinyl),!DBN!(0.05!eq!to!vinyl),!DMF,!rt,!30!m;!(ii)!1!(1.2! eq! to! thiol),! DBN! (0.05! eq! to! thiol),! DMF,! rt,! 30! m;! (iii)! PEGDdiazide! (0.5! eq! azide!functional!groups!to!alkyne),!CuSO4•5H2O!(0.05!eq!to!alkyne),!sodium!ascorbate!(0.25!eq!to!alkyne),!DMF/H2O,!rt,!10!h.!!
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!Figure!6.6.!1H!NMR!spectra!of!(a)!PEGDdiazide,!(b)!dendron!G2!mixture,!(c)!PEGDdendron!G2!after!precipitation!and!(d)!PEGDdendron!G4!after!precipitation.!AlkyneDrelated!peaks!at!2.48!and! 4.67! ppm! disappears! after! CuAAC! reaction! and! polymer! precipitation! ((c)! and! (d)).!Methacrylate!related!peaks!at!5.62!and!6.15!remains!in!both!(c)!and!(d)!that!supports!the!formation!of!PEGDdendron!Gx!conjugate.! !
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!Figure!6.7.!GPC!traces!of!PEGDdiazide!and!its!dendron!G2!and!G4!conjugates.!!Table! 6.3.! Characterization! of! PEGDdiazide! and! its! dendron! G2! and! G4! conjugates! by! and!GPC.a! !
!
aCalibrated!to!polystyrene!standards.!!
7.4.( Conclusions(! In! conclusion,! we! have! demonstrated! the! excellent! nature! of! the! thiolDMichael!addition!“click”!reaction!with!high!functional!group!selectivity,!which!makes!this!reaction!highly! suitable! for! dendrimer! construction.! An! A*A2! vinyl! monomer! and! a! B*B2! thiol!monomer! were! designed,! synthesized! and! successfully! applied! to! dendrimer! synthesis.!
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PEG-diazide 5000 8000 1.20
PEG-dendron G2 7206 11700 1.23
PEG-dendron G4 15142 20300 1.04
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This!approach!is!the!first!time!to!our!knowledge!that!forms!dendrimers!solely!from!a!single!chemistry!without!requiring!any!protection/deprotection.!In!addition,!a!oneDpot!synthetic!procedure! of! dendriticDlinear! polymer! conjugates! with! just! one! purification! step! was!demonstrated! in! combination! with! the! CuAAC! reaction.! This! robust! and! versatile!methodology!for!the!selective!thiolDMichael!addition!reaction!will!enable!rapid!synthesis!of!dendrimers! as! well! as! other! complex! architectures! such! as! dendriticDlinear! polymer!conjugates,! heterofunctional!dendrimers! and!dendronized! surfaces,! all! of!which! could!be!easily!postDfunctionalized!at!the!end!groups!to!provide!a!wide!range!of!chemical!structures.!!
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Chapter(7(
(
Triple(Shape(Memory(Materials(Incorporating(Two(Distinct(Polymer(Networks(
Formed(by(Selective(Thiol=Michael(Addition(Reactions(!Manuscript! submitted! under! the! same! title! in! Macromolecules.! Chatani,! S.;! Wang,! C.;!Podgórski,!M.;!Bowman,!C.!N.!!
!! In! this! chapter,! we! present! a! composite! material! comprised! of! dual! polymer!networks! uniquely! formed! from! a! single! reaction! type! and! catalyst! but! involving!monomers!with!dramatically!different!reactivities.!This!powerful!new!approach!to!creating!polymer! networks! produces! two! narrow! glass! transition,! homogeneous! networks!sequentially! from! a! single! reaction! but!with! all!monomers! present! and! uniformly!mixed!prior!to!any!polymerization.!!These!materials!exhibit!a!triple!shape!memory!effect!based!on!the! dual! polymer! networks,! which! were! both! formed! using! the! thiolDMichael! addition!reaction.! Two! multifunctional! thiol! monomers! (i.e.,! mercaptoacetate! (MA)! and!
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mercaptopropionate! (MP))! and! two! multifunctional! vinyls! (i.e.,! vinyl! sulfone! (V)! and!acrylate! (A))! were! polymerized! inUsitu! using! a! nucleophilic! initiator.! The!MADV! polymer!network! (Tg! =! 55! °C)! was! generated! first! associated! with! the! higher! functional! group!reactivities! followed! by! the! formation! of! the! MPDA! network! (Tg! =! 10! °C)! which! was!confirmed!by!FTDIR,!SEM,!DMA!and!a!separately!prepared!composite!polymer!consisting!of!MADV! particles! embedded! in! an! MPDA! matrix.! The! triple! shape! memory! effect! was!characterized!using!DMA,!and!it!was!demonstrated!that!the!shapes!could!be!programmed!either! by! a! oneDstep! (single! temperature)! or! a! twoDstep! method! (two! different!temperatures).!This!material!was!able! to!hold! its! transitional!shape! for!an!extended!time!period! (>! 1! h)! at! intermediate! temperature! (20! °C)! between! its! two! Tgs,! mainly! due! to!narrow!transitions!of! two!separate!networks.!This!new!approach! to!obtain!dual!polymer!networks!with!distinct! transitions!and!characteristics! is!simple!and!robust,! thus!enabling!applications! in! areas! such! as! triple! shape! memory! polymers,! biomedical! materials! and!composites.!!
7.1.( Introduction(! Shape& memory& polymers& (SMP’s)& are& polymeric& materials& capable& of& recovering&their!permanent(shape(from(temporally(trapped(shapes(without(requiring(the(application(of# external# forces.1–7!External) stimuli,) such) as) heat,) light) and) pH,) are) used) to) trigger) the)actuation( of( the( shape( recovery.( Such( stimuliDresponsiveness)makes) SMP’s) an) important)branch'of'the'“smart”'materials(field,(being(utilized(in(a(variety(of(potential(applications,(for(example,( as( sensors,(biomedical(devices(and(origami(materials.( In(particular,( triple( shape(
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memory&polymers&(TSMP)&or&other&multiDshape&memory&polymers&are&an&advanced&type&of&SMP$that"is"able"to"recover"from"two"or"more"distinct"temporal"shapes.2,4,8–13!!! Commonly' used'methods' to' achieve' TSMP' include'multiphase' polymers2,11–13!and$polymers) with) broad) phase) transitions.4,10! A" combination" of" covalent" and" physical"crosslinks& is& a& wellDknown% methodology% to% obtain% two% distinct% phase% transitions% in% a%material.) Luo) et) al.) reported) a) composite) composed) of) nonDwoven& poly(ϵDcaprolactone)+(PCL)& fibers& embedded& in& an& epoxy& resin& matrix.& The& triple& shape& memory& effect& was&achieved( based( on( the( glass( transition( of( an( epoxy( domain( (Tg!≈"30" °C)" and" the"melting"transition( of( a( PCL( domain( (Tm! ≈" 65" °C).9! Alternatively,, Torbati, et, al., developed, a,polymerizationDinduced'phase%separation%system%to%fabricate%similar%PCL/epoxy%composite%which%was%also% shown% to%be% a%TSMP.13!Polymers)with)broad)phase) transitions)have)been)reported'to'exhibit'more'than'three'shape'memory'tranistions.4,10!In#these#cases,#the#broad#phase&transitions&were&treated&as&a&set&of&multiple&phase&transitions!and$temporary$shapes$were$programmed$at$multiple$ temperatures$across$ their$broad$ transitions.$However,$ this$multiphase+ approach+ inevitably+ requires+ mixtures+ of+ polymers,+ often+ of+ completely+different(natures(that(are(prepared(separately(by(different(chemistries.'The'use'of'a'broad'phase& transition,& on& the& other& hand,& results& in& inherently& unstable& temporary& or&transitionary) intermediate) shapes) that) arise) from) relaxation,) albeit) often) slowly,) of)networks) occurring) at) essentially) any) temperature) within) the) broad% phase% transition.%Ultimately,*there*remains*a*need*for*complex*polymer*architectures*that*are*simply*formed*and$enable$TSMPs$with$stable$transitional$shapes.$$!! Xie$ et$ al.$ demonstrated$ that$ epoxyDbased&polymer& bilayers&with& each& layer& having&different! glass% transition% temperatures% function% as% TSMPs.14! They% concluded% that% wellD
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separated(glass(transitions(and(microscopic(interfacial#bonding#were#important#to#fabricate#TSMPs.' Thus,' one' potential' solution' to' the' complicated' needs' of' TSMPs' as'well' as' other'applications* that* demand* multiple,* independent* transitions* is* a* material* comprising*multiple,) distinct) polymer) networks.) However,) there% have% been% no% examples% of% TSMPs%comprised*of*multiple*polymer*networks*with*distinct*glass*transitions,*mainly*due*to*the*difficulty)of)satisfying)wellDseparated(glass(transitions(and(strong(interfaces.!! One$powerful$method$for$forming$nearly$ideal,$homogeneous(networks(is(the(thiolDMichael( addition( reaction( that( is( used( to( form( step( growth( networks.( This( reaction(possesses% the% prerequisites% of% “click”% chemistry;% an% orthogonal% reaction% with% high%functional* group* conversions,* rapid* reaction* rates,* no* byproduct( formation( under( mild(reaction) condition) with) no,) and) minimal) amounts) of) catalysts.15–18! Polymer( networks(formed'from'thiolDvinyl&conjugations&provide&excellent&shape&memory&polymers,&due&to&the&nature'of'the'reaction'that'yields'homogeneous'networks'with'narrow'glass'transitions.19!Recently,) the) thiolDMichael( addition( reaction( has( been( reported( to( have( good( selectivity(between& different& thiol& and& vinyl& functional& groups,& which& is& utilized& here& to& form& the&desired&polymer&network.20!! Specifically,!we!report!a!new!oneDpot!methodology!for!fabricating!unique!nearDIPN!structures!that!have!two!distinct!networks!that!makes!them!ideal!for!TSMP.!!This!approach!used! two! thiolDMichael! addition! reactions! that! rely! on! differences! in! functional! group!reactivity!to!form!the!two!networks!sequentially.!The!TSM!behavior!was!characterized!by!performing! shape! fixity! and! shape! recovery! experiments.! Also,! the! stability! of! the!intermediate!shape!was!assessed!over!time.!!
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7.2.( Experimental(
7.2.1.( Materials!! Trimethylolpropane.triacrylate.(TMPTA.or.A),.triphenylphosphine,.methanesulfonic.acid,&triethylamine&(TEA),&and$polyvinylpyrrolidone+(KDvalue%29D32)$(PVP)$were$purchased$from% SigmaDAldrich.) Pentaerythritol) tetrakis(3Dmercaptoacetate)* (PETMA* or* MA)* was*purchased* from* TCI* America.* Divinyl* sulfone* (DVS* or* V)* was* purchased* from* Oakwood*Chemicals.+ Tris(3Dmercaptopropionate), (TMPTMP, or,MP), and, pentaerythritol+ tetrakis(3Dmercaptopropionate),(PETMP),were,donated,from,Bruno,Bock.!!
7.2.2.( Methods(
Fourier=Transform)Infrared)(FT=IR)$Spectroscopy.!FTDIR#spectra(were!recorded&using!a!Nicolet(670!spectrometer."Samples"were"prepared"by"injecting"the"resin"between%two%glass%slides&with&50Dmicrometer( thickness(spacers.(Monomers(were(mixed( for(approximately(1(min$until$ a$ homogeneous$mixture$was$ formed$ and$ then$used$ for$ FTDIR.$Data$ acquisition$was$started$1.5$min$after$the$monomers'were'mixed'together.'Thiol'group#conversion#was#monitored)by)measuring)the$peak%area%at%2560%cmD1,"and"the"conversion"was"calculated"by"the$ratio$of$peak$area$to$the$peak$area$of$the$initial!spectra.!
Scanning'Electron'Microscopy'(SEM).!SEM$images$of$polymeric$composite$were$collected$on" JEOL" JSM"7401F."A" thin" slice"of" the" composite"was" loaded"onto" the" sample" stage"by"a"conductive*tape,*and*then*coated*with*an#approximately,5!nm#thick#layer#of#gold.#!
Dynamic(Mechanical(Analysis((DMA).!Polymer(network(properties(were(tested(using(TA(Instruments' Q800' dynamic'mechanical' analyzer.' Samples' were' prepared' by' the'method'described(in(a(1(mm(thick(glass(cell.(All(samples(were(postDheated&to&60&°C&for&over&an&hour&
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to#ensure#the#highest#conversion#attainable.#Samples#were#cut#into#strips#with#dimensions$approximately,10,×,4,×,1,mm.,The#temperature(was(ramped(at(3(°C/min(with(a(frequency(of#1#Hz.#The#glass#transition#temperature(s)#(Tg)"were"assigned"as"the"temperature(s)"at"the!maxima!of#the#tan#δ!curve.!
Shape&Memory&Test.!A"shape%memory%test%was%conducted%using%a"TA#Instruments#Q800#dynamic(mechanical(analyzer.(Experiments(were(run(in(controlled(force(mode.(Shape(fixity((Rf)"and"shape"recovery"(Rr)"values"were"calculated"from!the!following(equations:!! !! = !/!!"#×100!(%)! Eq.$7.1!! !! = (!!"# − !!"#$%)/!!"#×100!(%)! Eq.$7.2)where%ε,"εmax!and$εfinal!represent'the$strain'after&shapeDfixing,"the$maximum&strain&and&the$final&strain&after&each%shape&memory&cycle,&respectively.!
Preparation* of* network* polymers.! As# reported# previously," TPP/MsOH" was" used" as" a"timeDcontrolled) initiator) system) for) the) thiolDMichael( addition( reaction.21! Both% TPP% and%MsOH%were%dissolved% in% the# thiol,$ and$ this$mixture$was$ added$ to$ the$vinyl(s)!and$mixed$vigorously*to*start*the*reaction.*For*example,*MADV/MPDA"system"was"polymerized"by"the"following( procedure.( TPP( (86( mg,( 0.33( mmol)( and( MsOH( (13( mg,( 0.13( mmol)( were(dissolved(in(PETMA((4.32(g,(10(mmol),#and#the#mixture#was#added#into#TMPTMP#(5.32#g,#13.3$ mmol),$ DVS$ (2.36$ g,$ 20$ mmol)$ and$ TMPTA$ (3.94$ g,$ 13.3$ mmol)$ and$ was$ mixed$vigorously*for*30*s.*The*mixture*was*poured*into*glass*molds*with*thicknesses*depending*on# the# types#of# the# test# (1#mm# for# the$DMA#and#0.25!or#0.10!mm"for" the$shape&memory&test).& Polymerization& starts& approximately& 120& s& after& mixing& and& the& phase& separation&could& be& observed& from& the& cloudiness& of& the& film.& After& 1& h& reaction& at& ambient&
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temperature,)the)sample)was)postDcured&at&60!°C#for#an#additional!1!h"to"ensure"the"highest"conversion)attainable.!
Preparation* of* microparticles.!Microparticles, of, PETMADDVS$ (MADV)#were! synthesized*by#employing#a!recently(developed(technique.23!A"mixture"of"PETMA"(2.16"g,"5"mmol),"DVS"(1.18%g,% 10%mmol)$ and$PVP$ (0.5$g)$was$dissolved$ in$methanol$ (100$mL).$Under$400$ rpm$mechanical) stirring,) TEA) (0.2) g,) 6) wt%) to) monomers)) was) added) and) the) mixture)immediately) became) turbid.) The) mixture) was) stirred) for) 2h.) The) microparticles) were)harvested)by)centrifuging!and$washed$with$methanol$three$times.!
Preparation*of*polymer*composites*with*microparticles.!0.67%g%of%microparticles%were%mixed& with& TMPTMP& (0.40& g)& and& TMPTA& (0.30& g)& for& 90& s& under& 3500& rpm& by& a&speedmixer) (FlackTec) Inc.,) DAC) 150.1) FVZDK).$ A$ uniform$white$ dispersion$ resulted.$ One$drop% of% TEA% was% added% to% trigger% the% thiolDMichael( addition( polymerization,! and$ the$mixture(was(poured(into(a(mold(and(cured(at!90#°C#for#1#h.!!
7.3.( Results(and(discussion(! It! has! been! reported! that! the! reactivities! of! functional! groups! differ! significantly!according! to! their! chemical! structures! in! the! thiolDMichael! addition! reaction.! Thiols! are!more!reactive!with!lower!pKa!(i.e.,!higher!acidity),!and!vinyls!are!more!reactive!with!higher!electron!deficiency! and! less! steric! hindrance.! This! reactivity! difference! is! so! pronounced!that! it! can! be! even! applied! to! selective! reaction! of! a! particular! functional! group! in! the!presence!of!the!other.!For!example,!we!have!recently!reported!selective!reactions!of!vinyl!sulfone!groups!to!thiols! in!the!presence!of!acrylate!groups!in!the!same!reaction!system.20!The!vinyl!sulfones!reacted!nearly!completely!before!significant!acrylate!reaction!occurred!
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in!a!stoichiometric!system!comprising!equal!moles!of!thiols!and!vinyls!(i.e.,!vinyl!sulfones!and! acrylates).! From! this! result,! we! hypothesized! that! we! could! obtain! a! dual! network!polymer! with! two! distinct! networks! each! with! their! own! distinct! glass! transition!temperatures!by!reacting!two!different!thiols!and!two!different!vinyls!in!a!single!reaction!mixture!(Fig.!7.1).!
!Figure!7.1.!Chemical!structures!of!monomers!used!in!this!study,!and!an!illustrative!diagram!of!dual!network!polymer! formation!with!two!distinct!glass! transition!temperatures!using!reactivity! differences! of! monomers.! The! mercaptoacetateDvinyl! sulfone! system! is!significantly!more!reactive!than!the!mercaptopropionateDacrylate!system!which!reacts!only!at!elevated!temperatures!under!these!conditions.!!! Two! thiols,! namely! a!mercaptoacetate! and! a!mercaptopropionate,!were! chosen! as!the!more!reactive!and!less!reactive!thiols,!respectively!(Fig.!7.1).!In!the!same!manner,!two!vinyls,! namely! vinyl! sulfone! and! acrylate,! were! chosen! as! the! more! reactive! and! less!reactive! vinyls,! respectively! (Fig.! 7.1).! Pentaerythritol! tetrakis(3Dmercaptoacetate)!(PETMA)! was! used! as! a! tetrafunctional! mercaptoacetate,! trimethylolpropane! tris(3Dmercaptopropionate)! (TMPTMP)!was!used!as!a! trifunctional!mercaptopropionate,!divinyl!sulfone!(DVS)!was!used!as!a!difunctional!vinyl!sulfone!and!trimethylolpropane!triacrylate!
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was! used! as! a! trifunctional! acrylate,! all! of!which! are! commercially! available! from!major!suppliers.! As! a! catalyst! for! the! sequential! thiolDMichael! addition! reaction,! we! chose! a!combination!of!triphenylphosphine!(TPP)!and!methanesulfonic!acid!(MsOH)!as!the!initiator!system!pair,!due!to!the!high!reactivity!of!PETMA!and!DVS!that!will!not!allow!enough!time!before! gelation! of! the!whole! system.! By! using! TPP/MsOH! as! the! initiator! system,!MsOH!works!as!a!reaction!inhibitor21!and!will!provide!an!induction!time!so!that!the!formulation!could!be!placed!in!a!glass!mold!prior!to!any!significant!reaction.!! Firstly,! two! different! polymer! networks,! i.e.,! PETMA/DVS! (MADV)! and!TMPTMP/TMPTA! (MPDA)! were! prepared! individually! and! tested! for! their!thermomechanical!properties,!which!are!shown!in!Figure!7.2.!MADV!has!relatively!higher!Tg!of!60!°C!(Fig.!7.2a),!while!MPDA!exhibits!a!relatively!lower!Tg!of!10!°C!(Fig.!7.2b).!The!higher!crosslinking!density!of!MADV!system!and!the!secondary!interactions!enabled!by!the!sulfone!moieties! both! contribute! to! the! higher! Tg! of! MADV.22! Following! these! results,! a! polymer!network! that! contains! four! monomers! (PETMA,! TMPTMP,! DVS! and! TMPTA)! in! a!stoichiometric! ratio! based! on! functional! groups! (MPDV/MPDA)! was! prepared! and!characterized,! which! is! also! shown! in! Figure! 7.2c.! As! expected,! two! distinct! glass!transitions!were!observed!at!10!and!55°C,!nearly!identical!to!the!Tgs!of!the!separate!MADV!and!MPDA!networks,!respectively.!!Thus,!two!independent!polymer!networks!were!formed!where!each! resembles! closely! the! individual!network.!RealDtime!FTDIR!experiments!were!also! conducted! on! this! system! (Figure! 7.3).! The! thiol! conversion! reached! a! plateau! of!approximately!50%!at!ambient!temperature!and!started!increasing!again!after!heating!the!system!up!to!90!°C,!which!also!supports!the!sequential!formation!of!two!polymer!networks.!
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!Figure! 7.2.! Storage!moduli! and! tan! d! curves! of! (a)!MADV! (dashDdotted! green),! (b)!MPDA!(dotted! blue),! (c)! MADV/MPDA! (solid! black)! systems! and! (d)! MPDA! with! MADV!microparticles!(dashed!red).!The! two!tan!d!peaks!of! (c)!match!well!with!(a)!and!(b),!and!also!with!(d)!that!was!prepared!as!a!composite!of!MADV!microparticles!embedded!in!MPDA!matrix.!!
!Figure!7.3.!Thiol!functional!group!conversion!as!a!function!of!time!for!a!MADV/MPDA!system!initiated!by!0.54!wt%!TPP!with!0.08!wt%!MsOH.!The!reaction!was!started!at!22!°C!and!then!heated! to! 90! °C! after! 31!min! of! reaction.! The! thiol! conversion! plateaus! around! 50!%! at!ambient!temperature!and!starts! increasing!again!at!elevated!temperature,!due!to!the!two!sequential!thiolDMichael!addition!reactions.!!
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! Under!these!conditions,!the!polymer!sample!became!opaque!during!polymerization!of!the!MADV/MPDA!system,!which!is!attributed!to!phase!separation!of!the!MADV!and!MPDA!polymer!networks.!SEM!images!of!the!MADV/MPDA!polymer!also!supported!the!hypothesis!of!phase!separation!(Figure!7.4a).!A!polymer!composite!consisting!of!MADV!microparticles!embedded!in!an!MPDA!matrix!was!also!prepared!and!examined!by!DMA!(Fig.!7.2d)!and!SEM!(Fig.! 7.4b).! The! microparticle! containing! composite! exhibited! similar! thermomechanical!behavior! as! the! dual! network! polymer! samples,! exhibiting! two! distinct! Tgs.,! and! also!exhibiting! two!phases! as! observed!by! SEM! (Fig.! 7.4b).! It! is! thus! clear! that! two! relatively!independent!polymer!networks!arise!in!the!bulk!sample,!each!having!a!distinct!Tg.!The!two!networks! arise! from! sequential! network! formation! and! the! accompanying! phase!separation.!! !
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!
!
!Figure!7.4.!Scanning!electron!microscopy!images!of!(a)!dual!network!polymer!comprising!mercaptoacetateDvinyl!sulfone!(MADV)!and!mercaptopropionateDacrylate!(MPDA)!networks!and!(b)!a!composite!of!MADV!microparticles!embedded! in!MPDA!matrix.!Phase!separation!was!observed!in!both!polymers.!!! To! analyze! the! network! structure! further! and! assess! its! applicability! in! TSM!applications,! the! shape!memory! behavior! of!MADV/MPDA! system!was! tested.! First! of! all,!shape!memory!behavior!was!evaluated!around!each!individual!Tg!as!shown!in!Fig.!7.5.!For!
(a)(
(b)(
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the!higher!Tg,!the!sample!was!strained!10.8!%!at!45!°C!before!being!cooled!to!10!°C!to!fix!the!shape.!45!°C!was!chosen!as!the!temperature!to!strain!since!the!whole!material!would!not!be! in! the! rubbery! regime!and!would!not!easily!break!while! strained.!When! the! force!was! released! at! 10! °C,! the! strain! decreased! from! 10.8! %! to! 8.5! %! (Rf! =! 79! %),! likely!associated!with!the!elastic!recovery!of!the!lower!Tg!network!(MADP)!since!the!temperature!was!above!its!Tg!and!the!polymer!network!was!still!mobile.!However,!the!MADV!portion!of!the!network!was!well!below!its!Tg!(55!°C)!and!thus!the!MPDV/MPDA!system!was!able!to!hold!the!strain.!Heating!the!sample!up!to!60!°C!led!to!nearly!complete!recovery!of!the!shape!(Rr!=! 98! %).! The! shape! memory! behavior! at! the! lower! Tg! was! evaluated! by! straining! the!sample!12.4!%!at!20!°C,!then!cooled!to!–30!°C!before!releasing!the!force!and!heating!to!40!°C.! The! shape! fixity! (Rf! =! 97!%)!was! improved! at! this! temperature! since! at! –30! °C! both!networks!within!the!sample!have!highly!restricted!mobility,!being!well!below!both!network!Tgs.!Heating!the!sample!up!to!40!°C! led!to!the!recovery!of! the!shape!(Rr!=!96!%).! In!both!cases,! samples! were! heated! to! temperatures! above! their! programmed! temperatures! to!ensure!rapid!and!nearly!complete!shape!recovery.!Having!confirmed!that!the!MADV/MPDA!system! exhibits! shape! memory! effects! at! both! Tgs,! the! triple! shape! memory! effect! was!subsequently!evaluated.!
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!
!Figure! 7.5.! Shape! memory! behavior! of! MADV/MPDA! system! at! temperatures! around! (a)!higher! Tg! and! (b)! lower! Tg.! (a)! The! sample! was! strained! 10.8! %! at! 45! °C! and! was!subsequently!cooled!to!10!°C!to!fix!the!shape.!The!applied!stress!was!unloaded!at!10!°C!(Rf!=!79!%)!and!was!heated!up!to!60!°C!to!determine!its!shape!recovery!behavior!(Rr!=!98!%).!(b)!The!sample!was!strained!12.4!%!at!20!°C!and!was!subsequently!cooled!to!–30!°C!to!fix!the!shape.!The!applied!stress!was!unloaded!at!–30!°C!(Rf!=!97!%)!and!was!heated!to!40!°C!to!determine!its!shape!recovery!behavior!(Rr!=!96!%).!!! The# triple& shape& memory& effect& was& tested& in& two& ways,& either& by& oneDstep%programming)(Fig.)7.6a)$or$twoDstep%programming%(Fig.%7.6b).%For%oneDstep%programming,%the$sample'was'strained'13.9%%"at"45" °C"and" then!cooled& to& D30# °C# to# fix# the# shape#with#
(a)(
(b)(
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excellent! shape& fixity& (Rf! =" 98" %).$ During$ heating$ of$ the$ sample,$ two$ distinct$ strain$recoveries!occurred'at'around'0'and'40'°C,'which'both'correspond'to'the$two$Tgs"of"these#unique!materials." Shape" recoveries"were" 15" and"98#%"at" 12" and" 60" °C," respectively." For"twoDstep% programming,% the$ sample' was' strained' 13.3$%" at" 45" °C," then% cooled& to& 10& °C!followed'by!straining!further'to'25.9% "before&being&finally!cooled&to&D30#°C#to#fix#the#shape!(Rf!="98"%)."Two"distinct"shape"recoveries"were"observed"at"different"temperature"ranges"with%55!(as$compared$to$49%$expected$if$only$the$final$deformation$was$recovered)$and$87#%" shape" recovery" at" 20" and" 45" °C," respectively." In" addition," a" test# was# performed# to#evaluate'how'well'the'sample'could'hold'its'strain!for$an$extended$time!at#the#intermediate#temperature,) i.e.,!at#20# °C,!by#keeping# it#at#20# °C# for#1#h,#which#confirmed# that# the#strain#reaches'a'plateau'of'11.7$%!(Rr!="55"%)"after"one"hour."!!
!
(a)(
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!Figure!7.6.!Triple!shape!memory!behaviors!of!MADV/MPDA!system!programmed!by!(a)!oneDstep!and!(b)!twoDstep!programming.!(a)!OneDstep!programming!was!performed!at!45!°C!by!straining!the!sample!to!13.9!%!and!cooling!down!to!–30!°C.!The!stress!was!unloaded!(Rf!=!98! %)! and! was! heated! up! to! 70! °C! (Rr! =! 98! %).! Two! distinct! shape! recoveries! were!observed! during! heating.! (b)! TwoDstep! programming! was! performed! at! 45! °C! (13.3! %!strain)!and!10!°C!(25.9!%!total!strain).!The!stress!was!unloaded!(Rf!=!98!%)!and!the!sample!was!heated! to! 70! °C! (Rr! =! 87!%).! Two!distinct! shape! recoveries!were! observed,! and! the!sample!held!its!strain!stably!at!20!°C!for!one!hour.!!! As!a!further!demonstration,!a!thin!polymer!strip!(60!mm,!0.10!mm!thickness)!was!used!to!test!the!stability!of!the!temporary!shape!by!straining!it!to!67!mm!at!40!°C,!cooling!it!down!to!10!°C!and!leaving!it!for!24!h!at!ambient.!The!polymer!strip!contracted!to!64!mm!in!an!hour,!which!is!in!agreement!with!the!strain!recovery!that!was!observed!in!the!oneDstep!programming!test!(Fig.!7.6a).!The!polymer!strip!maintained!its!length!(64!mm)!even!after!24!h;!however,!it!contracted!to!60!mm!immediately!upon!heating!it!to!40!°C!(Fig.!7.7).!This!behavior!indicates!that!two!different!networks!were!responsible!for!holding!the!two!loaded!strains,! and! thus,! the! intermediate! shape! should!be!more! stable! as! compared! to! a!TSMP!fabricated!from!polymers!with!a!broad!glass!transition.!!
(b)(
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!Figure!7.7.!Pictures!of!a!polymer!strip!(originally!60!mm!between!two!blue!lines)!that!was!(a)!strained!to!64!mm!(7%)!and!left!at!ambient!overnight,!and!(b)!subsequently!heated!to!40!°C!that!contracted!back!to!its!original!length.!!! Lastly,!the!triple!shape!memory!effect!was!demonstrated!using!a!strip!of!MADV/MPDA!polymer!(Fig.!7.8).!One!side!of!the!strip!was!coiled!at!45!°C!and!was!cooled!to!23!°C!to!fix!the!shape,!which!was!at!the!temperature!above!the!Tg!of!MPDA.!Therefore,! the!shape!was!held!mostly!by!the!vitrification!of!the!MADV!network.!The!other!side!of!the!strip!was!coiled!another!direction!and!then!the!entire!sample!was!cooled!to!D30!°C.!The!second!shape!was!held!primarily!by!the!vitrification!of!the!MPDA!portion!of!the!network.!Heating!the!sample!back!to!23!°C!led!to!shape!recovery!of!the!coil!fixed!at!23°C!while!still!leaving!the!other!side!coiled.!Further!heating!of!the!sample!to!45!°C!led!to!complete!uncoiling!and!shape!recovery.!
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!Figure!7.8.!Triple!shape!memory!effect!using!MADV/MPDA!polymer!with!thickness!of!0.25!mm.!(a)!One!side!of!a!strip!was!coiled!at!Tg!of!MADV!and!fixed!at!23!°C.!(b)!The!other!side!of!a!strip!was!coiled!opposite!direction!above!Tg!of!MPDA!and!was!fixed!at!D78!°C.!(c)!Sample!was!heated!to!23!°C!to!show!the!1st!shape!recovery.!(d)!Sample!was!heated!to!45!°C!to!show!the!2nd!shape!recovery.!!
7.4.( Conclusions(! In!summary,!we!demonstrated!that!a!polymeric!material!with!two!distinct!polymer!networks!could!be!formed!by!sequential,!selective!thiolDMichael!addition!reactions.!It!was!also! shown! that! the! material! exhibits! triple! shape! memory! behavior,! which! could! be!programmed! by! either! a! oneDstep! programming! above! the! higher! Tg! or! a! twoDstep!programming! at! two! different! temperatures.! The! two! distinct! Tgs! are! readily! tuned! by!monomer!selection,! including!type!and!functionality,!and!thus!provide!a!versatile!method!to!prepare!these!unique!polymer!network!structures!for!a!wide!range!of!applications.!As!an!example!of!tunability,!PETMP!(tetraDthiol)!was!used!instead!of!TMPTMP!(triDthiol)!for!the!
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MADV/MPDA!system! that! successfully!exhibited!a! shift! to!a! lower!Tg!without!affecting! the!higher!Tg!network! (Fig.! 7.9).! Lastly,! it!was! shown! that! the!material! held! its! intermediate!shape! for! an!extended! time!at! an! intermediate! temperature,!which! is! a!benefit! of!having!two!distinct!networks,!each!holding!separate!temporary!shapes.!!
!Figure! 7.9.! DMA! result! of! a! polymer! consisted! of! PETMA/PETMP/DVS/TMPTA.! Two!distinct!tan!δ!peaks!were!observed,!which!correlates!with!PETMA/DVS!and!PETMP/TMPTA!networks!and!thus!implies!facile!tunability!of!this!TSMP!fabrication!method.!!!
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Chapter(8(
(
Reactive(Multifunctional(Polymer(Films(and(Surfaces(Formed(by(Spatiotemporal(
Control(of(Thiol=ene(and(Thiol=Michael(Addition(Reactions(!!
8.1.( Introduction(! PostDmodification* of* polymer* films* and* surfaces* is* a* powerful* method* to* obtain*materials) with) hydrophilic) or) hydrophobic* surfaces,* anisotropic* properties* or* to* control*affinity'with'biomolecules.' ' Sophisticated'characteristics'are'achievable'by'patterning' the'material( by( using( methods( such( as( photolithography1–3! and$ microDcontact& printing.4,5!Photolithographic, methods, are, especially, useful, due, to, the, ease, of, patterning, using! a"photomask)or)a)light)projection)(dynamic)light)processing),)and)also)its)ability)not)only)to)pattern'the'surface'but'also'the'bulk'of'the'material.!! ‘Click’(chemistry(has(been(gaining(attention(in(the(area(of(postDmodification6,7!owing&to#its#characteristics#such#as#high#reaction#rates#and#yields#under#mild#reaction#conditions#without' formation'of'byproducts,( in(environmentally(benign(solvents(or( in(bulk,(and(high(functional* group* tolerance* (orthogonality),* which* are* all* critical* for* postDmodification* of*polymer(films(and(surfaces.(An(ability(to(control(excess(functional(groups(on(the(material(or(on# the! surface( simply(by( controlling( stoichiometric( ratio( is( an( additional( feature( of( stepDgrowth'click'reactions.8,9!ThiolDene#and#thiolDyne$reactions$have$found$opportunities$in$this$area$ to$ form$ materials$ and$ surfaces' to' control' adhesion,10–12!hydrophilicity/hydrophobicity,10! (bioDrelated)( interaction( of( coatings,13! fibers,14!
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particles,15,16!microfluidic*devices10–12!and$hydrogels.17!Hensarling*et*al.*has*demonstrated*photoDpatterned( thiolDyne$ reactions$ on$ the$ alkyneDfunctionalized- polymer- brushes-attached'to'a'substrate.1!A"wide"range"of"water"contact"angles"was"attainable"using"a"variety"of# commercially# available# thiols# in# thiolDyne$ reactions.$ These$ hydrophilic/hydrophobic$regions(were(patternable(using(light(and(even(sunlight(to(fabricate(a(surface(with(patterned"water&nucleation,&which&shows&the&power&of&using& light& for&postDmodification.+Carlborg+et+al.$ have$ shown$ offDstoichiometric* thiolDene# systems# as# a# platform# for#microfluidic# device#fabrication.+ The+ stoichiometric+ character+ of+ the+ thiolDene# reaction#was# utilized& to& design&materials)and)their)surfaces)with)controlled)excess)of)either!thiols'or'enes,'which'were'used'to# bond# together# the# materials# or# modify# surface# hydrophilicity/hydrophobicity# for#hydrophobic* stops* and* pneumatic* valves,* all* using* postDmodification& by& photoinitiated&thiolDene#chemistry.10!! It# is#well#known#that#the#radicalDmediated'thiolDacrylate(reaction(does(not(proceed(stoichiometrically-due-to-the-tendency-of-carbon-radicals- from-acrylates-to-not-only-chain-transfer( to( thiols( but( also( propagate( to( other( acrylates# (i.e.," homopolymerization)."Therefore,(when(an(initially(stoichiometric(mixture(of(thiols(and(acrylates(is(reacted(using(radical' initiators,' the'reaction'will'be'offDstoichiometric,+ resulting+ in+higher+conversion+of+acrylates)and) lower)conversion)of) thiols.18,19!This%behavior% is%quite%different%compared% to%the$ thiolDMichael( addition( reaction( of( thiols( and( acrylates,( which( is(mediated( by( anionic(intermediates* and* provides* stoichiometric* conversions* of* thiols* and* acrylates.20,21!These%outcomes(are(very(interesting(since(both(reactions(start(from(the(same(set(of(materials,(but(end$ up$ with$ different$ conversions$ of$ each$ functional$ group$ depending$ on$ the$ reaction$mechanism.*Therefore,*we*hypothesized*that$we$could$synthesize$a$material$with$different$
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functional*group*conversions*and/or*crosslinking*densities*by*controlling*just*the*reaction*pathway' from' the' same' starting' formulation,' and' ultimately' pattern' the' difference' by'separately)initiating)the)different&reaction&mechanisms.!! Herein,'we'demonstrate' a'methodology' to' form' reactive'multifunctional' films' and'surfaces(with(either(excess(thiols(or(acrylates(that(could(be(used(for(postDmodification,+and+also% a%material%with% gradient% thermomechanical% properties,& by& using& a& combination& of& a&photoinitiated*thiolDene#reaction#and#delayed#initiation#of#thiolDMichael(addition(reaction(of(thiolDacrylate(systems.!!
8.2.( Experimental(
8.2.1.( Materials(! Ditrimethylolpropane- tetraacrylate- (DTTA),- triphenylphosphine! (TPP),"methanesulfonic. acid! (MsOH)," and$ 2,2DdimethoxyD2Dphenylacetophenone+ (DMPA)+ were+purchased* from* SigmaDAldrich.) Tinuvin) 328) was) purchased) from) BASF.! Glycol& Di(3Dmercaptopropionate), (GDMP), was, donated, from, Bruno, Bock.! Chemical) structures) of)monomers'are'shown$in$Fig.$8.1.!!
!Figure'8.1."Monomers"used"in"this"chapter.!!
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8.2.2.( Methods(
Fourier=Transform)Infrared)(FT=IR)$Spectroscopy.!FTDIR#spectra#were#recorded#using#a#Nicolet( 670( spectrometer!with%ATR% accessory." Thiol"and$ acrylate$ functional$ groups$were!monitored%at%2560%and$810$cmD1,"respectively.!
Preparation* of* polymer! films.!As# reported# previously,# TPP/MsOH#was# used# as# a# timeDcontrolled) initiator) system) for) the) thiolDMichael( addition( reaction.22! The$ radical$photoinitiator)(DMPA))was)dissolved)in)DTTA.)Both%TPP%and%MsOH%were%dissolved%in%GDMP,"and"this"mixture"was"added"to"the"DTTADDMPA%mixture%and$mixed$vigorously$to$start$the$reaction.*The*mixture*was*poured*into*glass*molds*with*thicknesses*depending*on*the!types&of# the# test# (1# mm# for# the# DMA# and# 0.25# mm# for# the# contact& angle& measurement).#Polymerization- starts- approximately- 10# min! after& mixing.& To# prepare# a# film# via! thiolDMichael(pathway,(the(monomer(mixture(was(heated(at(60(°C(to(initiate(the(reaction(and(was$left%for%at%least%30%min%to%obtain%the%highest%conversion%attainable.%To%prepare%a%film%via!the$radical' pathway,' the'monomer'mixture'was' irradiated'using' a'BlakRay' lamp' (8'mW/cm2!with%365%nm%filter)%for%at%least%10%min%and%was%postDheated&at&60&°C&for&at#least#30!min$to$obtain'the'maximum'conversion.!
Surface(functionalization.!A"polymer"film"(0.25"mm)"was"placed"on"a"glass"slide"and"was"exposed'to'a'mixture'of'PEGDacrylate/TEA,(90/10,v/v%),or,1Ddodecanethiol/TEA/(90/10/v/v%)% and% left% overnight% with% a% coverslip( to( prevent( evaporation.( A( polymer( film( was(subsequently*washed*with* acetone* and*was* submerged* in* clean* acetone* for*1*h* to*wash*away$unreacted$monomers.$Finally,$a$polymer$film$was$dried$with$air$flow$and$taped$onto$a$glass%slide%for%contact%angle%measurement.!
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Contact' angle' measurement.! The$ contact$ angle$ was$ measured$ using$ a$ goniometer.$ A$polymer( film(was( placed( on( a( glass( slide( and( a( 10( µL" water" droplet" was" placed" on" the"polymer(surface.(An(image(was(taken(by(a(CCD(camera,(and(the(internal(angle(between(the(water& and& the& surface& (contact& angle)&was&measured& using& an& image& analyzing& software.&The$contact$angle$was$measured$as$a$quintet.!
Preparation) of! a" gradient! polymer! film.! A" radical" photoinitiator" (DMPA)" and" UV"absorber'(Tinuvin'328)'were'dissolved' in'DTTA.'TPP#and#MsOH#were#dissolved# in#GDMP,"and"this"mixture"was"added"to"the"DTTA"mixture"and$mixed$vigorously$to$start$the$reaction.$The$mixture(was(poured(into(glass(molds(with(1"mm"thick"spacers."UV"light"(8"mW/cm2!at#365!nm)$was$irradiated$for$5!sec$and$the$material$was$heated$at$70!°C#for#10!min.!
Dynamic(Mechanical( Analysis( (DMA).!Polymer(network(properties(were( tested(using!a!TA#Instruments&Q800&dynamic&mechanical&analyzer.&Samples&were&prepared&by&the&method&described( in( a( 1( mm( thick( glass( cell.( Samples( were( cut( into( strips( with( dimensions! of!approximately,10,×,4,×,1,mm.,The,temperature,was,ramped,at,3,°C/min,with,a,frequency,of#1#Hz.#The$glass$transition$temperature(s)$(Tg)"were"assigned"as"the"temperature(s)"at"the"maxima%of%the%tan%δ!curve.!!
8.3.( Results(and(discussion(! Firstly,!methods!to!initiate!the!thiolDene!reaction!and!thiolDMichael!addition!reaction!independently! were! considered.! It! is! well! known! that! the! radicalDmediated! thiolDene!reaction!could!be!initiated!by!using!conventional!radical!initiators,!both!thermal!and!photo.!The! thiolDMichael! addition! could! be! separately! initiated! with! controlled! delay! by! using!nucleophilic!initiators!with!acid!inhibitors,!as!reported!in!our!previous!study.22!Therefore,!a!
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mixture!of! thiol!and!acrylate!monomers!could!be!reacted!via! two!different!pathways,! i.e.,!thiolDene!and!thiolDMichael!addition!to!form!TMDpolymer!and!TEDpolymer,!respectively,!by!combining! those! two! initiating! systems! (Fig.! 8.2).! Since! the! kinetic! constant! of!homopolymerization! is! relatively! high! compared! to! that! of! chain! transfer! in! the! thiolDacrylate!crosslinking!system,18,19!it!was!hypothesized!that!the!radical!pathway!will!lead!to!relatively!high!conversion!of!acrylates!compared!to!thiols,!while!the!thiolDMichael!addition!pathway!will!result!in!stoichiometric!consumption.!!
!Figure!8.2.!Two!reaction!pathways!for!thiolDacrylate!systems.!Radical!pathway!leads!to!both!thiolDacrylate! addition! product! and! acrylateDacrylate! homopolymerization.! ThiolDMichael!pathway! leads! to! stoichiometric! consumption!of! both! thiols! and! acrylates.! Thus,! starting!from!a!slight!excess!amount!of!acrylates,!the!radical!pathway!will!result!in!relatively!higher!crosslinking! density! (due! to! acrylates! serving! as! a! difunctional! linker! in! the! case! of!homopolymerization! compared! to! a! monofunctional! linker! when! forming! thiolDacrylate!adduct)! with! remaining! thiols,! and! the! thiolDMichael! pathway! will! result! in! a! relatively!lower!crosslinking!density!with!residual!acrylates.!
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!! Firstly,!FTDIR!evaluation!was!performed!on!an!offDstoichiometric!mixture!of!GDMP!(diDthiol)! and! DTTA! (tetraDacrylate)! with! excess! acrylates! (thiol! to! acrylate! functional!group! ratio!was!1.0! to! 1.2)! using!DMPA!as! a! photoinitiator! and!TPP/MsOH!as! a! delayed!thiolDMichael!addition!initiating!system.!The!monomer!mixture!contained!0.5!wt%!DMPA,!1.4!wt%!TPP!and!0.14!wt%!MsOH.!TPP!(nucleophilic! initiator)!and!MsOH!(acid!inhibitor)!work! synergistically! to! initiate! and! terminate! the! thiolDMichael! addition! reaction! until!MsOH! is! depleted,! thus! leading! to! an! induction! time! at! the! onset! of! the! reaction.! In! the!system!without! light! irradiation! (i.e.,!TMUpolymer) from)thiolUMichael)pathway),! 10!min! of!induction! time!was!obtained!before! the!onset!of! the! thiolDMichael!addition!reaction.!This!monomer!mixture,! however,! includes!DMPA!and! could!be! reacted!by! a! photoinitiator! by!irradiation!of!UV! light! (i.e.,)TEUpolymer)from)radical)pathway).!ATR!FTDIR! spectra!of! each!material!(TMDpolymer!and!TEDpolymer)!were!measured!and!shown!in!Fig.!8.3.!As!expected,!a!TMDpolymer!resulted! in!complete!conversion!of!acrylates!with!remaining! thiols.!On! the!other! hand,! a! TEDpolymer! resulted! in! complete! conversion! of! thiols! with! remaining!acrylates.!These!outcomes!mean! that!both! thiol! excess!and! acrylate! excess!materials! and!surfaces!are!accessible!from!the!same!starting!formulation.!!
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! !Figure! 8.3.! ATRDIR! spectra! of! polymer! films! made! from! a! mixture! of! GDMP! and! DTTA!(thiol:acrylate! =! 1.0:1.2)! with! TPP/MsOH! (1.4/0.14! wt%)! as! a! delayed! thiolDMichael!initiator!and!DMPA!(0.5!wt%)!as!a!radical!photoinitiator,!and!reacted!via!radical!pathway!(TEDpolymer,!blue!lines)!or!thiolDMichael!pathway!(TMDpolymer,!orange!lines).!Both!films!were!postDcured!at!60!°C!for!over!30!min!to!ensure!highest!conversion!attainable.!Distinct!thiol!peak!at!2560!cmD1!was!observed!with!almost!no!absorption!for!acrylate!peak!at!810!cmD1!from!a!TEDpolymer!(blue),!and!in!contrast,!acrylate!peak!was!observed!with!no!thiol!peak!from!a!TMDpolymer!(orange).!!!! Surface!functionalization!has!been!shown!by!tunable!wettability!of!both!thiol!excess!(TEDpolymer)!and!acrylate!excess!(TMDpolymer)!films.!Functional!monomers!listed!in!Fig.!8.4!were!mixed!with!10!vol%!triethylamine!and!were!coated!on!each!film!and!left!overnight!to!allow!the!reaction!to!proceed!via!thiolDMichael!addition!reaction.!Contact!angles!before!and!after!surface!functionalization!are!summarized!in!Table!8.1.!The!original!surface!from!a!TMDpolymer! has! a! contact! angle! of! 77! ±! 2! °,!while! the! surface! from! a! TEDpolymer! has! a!slightly!lower!contact!angle!of!69!±!3!°,!which!is!possibly!attributed!to!the!free!hydrophilic!thiol!functional!groups.!Using!PEGDacrylate!as!a!functionalizing!agent,!the!contact!angle!of!TEDpolymer! decreased! to! 61! ±! 2! °,! which! indicates! successful! functionalization! of! the!surface!by! a! reaction!between!excess! thiols! and!PEGDacrylate.! Supporting! this! result,! the!
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TMDpolymer!did!not!change!its!contact!angle!after!treatment!with!PEGDacrylate,!since!there!are!no!residual!thiol!functional!groups!with!which!to!react.!Surface!functionalization!of!the!TMDpolymer! with! 1Ddodecanethiol! resulted! in! an! increase! of! contact! angle! to! 83! ±! 2! °,!which!demonstrates!successful!surface!functionalization.!However,!the!contact!angle!of!TEDpolymer!treated!with!1Ddodecanethiol!also!increased!to!78!±!3!°,!which!could!be!attributed!to!disulfide!formation!between!surface!thiol!functionalities!and!1Ddodecanethiol.!!!
!Figure!8.4.!Chemical!structures!of!functional!monomers!used!for!surface!functionalization.!!Table!8.1.!Contact!angle!measurement!of!films!before!and!after!surface!functionalization.a!
!
aContact!angles!are!shown!as!an!average!of!five!measurements!(standard!deviations!are!in!parentheses).!!!! This!methodology!of!controlling!two!reaction!pathways!was!further!applied!to!form!a! material! with! gradient! thermomechanical! properties,! such! as! glass! transition!temperatures!(Tg)!and!moduli.!A!thiolDacrylate!monomer!mixture!was!reacted!via!a!radical!
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pathway!using!a! light!gradient!and!the!rest!of!the!material!was!sequentially!reacted!via!a!delayed!thiolDMichael!pathway,!as!shown!in!Fig.!8.5.!Tinuvin!328!(UV!absorber)!was!added!to! the! monomer! mixture! to! create! a! strong! light! gradient! throughout! the! 1! mm! thick!material.! The! ratio! between! GDMP! and! DTTA! was! 1.0! to! 2.0! by! functional! group.! A!relatively!large!amount!of!acrylate!was!chosen!so!that!the!thermomechanical!properties!of!the!TEDpolymer!and!TMDpolymer!would!be!significantly!different.!The!light!intensity!at!the!top!surface!was!8!mW/cm2,!and!over!99%!of!the!light!was!absorbed!in!tens!of!microns!at!the!top!surface.!UV!light!was!irradiated!for!5!sec!followed!by!heating!the!material!to!70!°C!for!10!min!to!initiate!the!thiolDMichael!pathway!and!complete!the!reaction!throughout!the!film.!!
!Figure! 8.5.! A! diagram! showing! the!method! to! form! gradient!materials.! Tinuvin! 328! (0.5!wt%)!was!added!into!a!mixture!of!GDMP/DTTA!(thiol:acrylate!=!1.0:2.0)!with!TPP/MsOH!(1.4/0.14! wt%)! and! DMPA! (0.5! wt%).! UV! light! was! strongly! absorbed! by! Tinuvin! 328.!Thus,!the!photoinitiated!radical!pathway!was!limited!to!the!top!surface!while!the!rest!of!the!material!reacted!via!a!thiolDMichael!pathway!initiated!by!heating!the!sample!at!70!°C!for!10!min.!!! DMA! measurement! was! carried! out! for! the! gradient! film! and! also! for! the! TEDpolymer! and! TMDpolymer! films! polymerized! separately! using! the! same! monomer!formulation,! and! the! results! are! shown! in! Fig.! 8.6.! The! Tg! of! the! TEDpolymer! and! TMD
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polymer!were!66!and!D8!°C!and!rubbery!moduli!were!55!and!2.6!MPa,!respectively.!The!TEDpolymer!exhibited!a!broader! tan!δ! curve,!and!these!results!clearly!show!that!TEDpolymer!involved! a! large! fraction! of! acrylate! homopolymerization! that! led! to! high! crosslinking!density!and!Tg.!Gradient!films!exhibited!two!distinct!transitions!at!the!temperature!ranges!quite! similar! to! the! Tg! of! the! TEDpolymer! and! TMDpolymer! prepared! separately,! which!supported!the!formation!of!a!gradient!film!with!spatially!gradient!properties.!!! !
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!Figure!8.6.!Tan!δ!curves!and!storage!moduli!of!TMDpolymer,!TEDpolymer!and!gradient!films!from!GDMP/DTTA!(thiol:acrylate!=!1.0:2.0).!TEDpolymer!exhibited!higher!Tg!and!rubbery!modulus!due!to!the!involvement!of!acrylate!homopolymerization.!Gradient!film!expressed!two!transitions!and!each!transition!temperature!was!similar! to! the!Tg!of!TEDpolymer!and!TMDpolymer,!which!supports!the!formation!of!gradient!polymer!networks.!!!
8.4.(Conclusions(! In! conclusion,! a! novel!method! using! spatiotemporally! controlled! radical! thiolDene!and! thiolDMichael! addition! reactions! was! established! to! form! reactive! multifunctional!polymer!films!and!surfaces.!PostDmodification!of!excess!functional!groups!and!formation!of!a!film!with!gradient!properties!have!been!exhibited!to!show!the!versatility!of!this!method.!An!ability!to!access!multiple!functionalities!and!properties,!starting!from!a!single!starting!monomer! formulation! will! be! a! powerful! tool! to! construct! materials! and! surfaces! with!sophisticated!properties.!!
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Chapter(8(
Conclusions(and(Recommendations(!! This!thesis!was!focused!on!achieving!onDdemand!control!on!the!initiation!of!thiolDX!‘click’!reactions,!especially!the!thiolDMichael!addition!reaction,!and!utilizing!these!reactions!to!synthesize!wellDdefined,!complex!polymer!architectures!that!possess!advanced!material!properties.!Two!major!advances!have!been!accomplished!related!to!the!onDdemand!control!of! the! thiolDMichael! addition,! which! are! spatiotemporal! control! (when! and! where! the!reaction!occurs)!and!kinetically!selective!reactions!(which!functional!group!reacts!first).!In!Chapter! 3,! a! chemical! clock! protocol! that! enables! temporal! control! on! the! onset! of! two!thiolDclick! reactions,! i.e.,! the! thiolDMichael! addition! reaction! and! the! thiolDisocyanate!reaction,! has! been! demonstrated.! Polymerization! reactions! of! these! reactions! using!multifunctional! monomers! (i.e.,! crosslinking! systems)! have! been! a! challenge! due! to!extremely!high!reaction!rates!for!both!reactions!that!lead!to!quick!gelation!and!prevent!the!reaction! mixture! from! any! further! processing.! Herein,! nucleophilic! initiation! and! acid!inhibition!were!combined!to!realize!a!predictable!delay!on!the!onset!of!the!reaction,!with!rapid! complete! reaction! following! the! induction!period.!An! induction! time!of!20!minutes!could! be! achieved! without! any! significant! monomer! consumptions! using! a! model! thiolDvinyl!sulfone!system;!however,!once!initiated,!the!reaction!rate!was!comparable!to!that!of!a!nonDdelayed! reaction! (rate! was! approximately! 40%! of! nonDdelayed! reaction! and! the!conversion! reaches! 80%! within! 30! min! after! the! initiation! at! room! temperature).! This!approach! to! formulating! an! initiator! system! affords! a! previously! unavailable! degree! of!
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temporal! control! with! an! ability! to! design! and! process! crosslinked! thiolDX! polymers! for!practical!applications!(e.g.,!coating!on!substrates,!injection!into!a!mold).!! Another!useful!method!not!only!to!temporally!control!the!reaction!but!also!spatially!is! to! use! a! photogenerated! catalyst.! In! Chapter! 4,! an! initiator! system! that! is! capable! of!releasing!a!base!upon!light!irradiation!was!demonstrated.!This!initiator!system!consists!of!a!photosensitizer,!a!photobase!generator!and!a!radical!inhibitor,!and!releases!a!very!strong!organic!base!(i.e.,!1,5,7Dtriazabicyclo[4.4.0]decD5Dene!or!TBD,!pKa!≈!26!in!acetonitrile)!using!light!with!wavelengths! in! the!visible! region,! and!also!prevents! the!occurrence!of! radicalDmediated! side! reactions! that! are! frequently! observed! in! previously! known! photobase!generating!systems.!Photoinitiated!thiolDMichael!addition!reactions!were!shown!to!proceed!without! any! radical! homopolymerizations! of! vinyl! species! and! thus! led! to! stoichiometric!conversions!of!both!thiols!and!vinyls.!This!approach!opens!up!a!variety!of!possibilities!for!baseDcatalyzed!reactions!to!be!used! in!conjunction!with!patterned!and!onDdemand!curing!for! multiple! applications! such! as! coatings! and! biomaterials! that! require! biocompatible,!environmentally! friendly! and! lowDenergy! visible! light! initiation.! It! will! also! be! an!indispensable!tool!for!initiations!of!orthogonal!chemistries!by!varying!wavelengths!of!light.!! The! ability! to! control! the! reaction! based! on! reactivity! differences,! i.e.,! selectivity,!plays!a!key!role!in!sequential!reactions!used!to!evolve!controlled!polymer!architectures.!In!Chapter!5,! the!relative!reactivities!and!selectivity!of!vinyl! sulfones!and!acrylates! towards!the! thiolDMichael!addition!reaction!were! investigated.!The!vinyl!sulfones!react!selectively!and!more!rapidly!with! thiols! in! the!presence!of!acrylates,!which!was!clearly! indicated!by!reactions! of! 1Dhexanethiol! (HT),! ethyl! vinyl! sulfone! (EVS)! and! hexyl! acrylate! (HA)! at! a!molar!ratio!of!2:!2:!1.!EVS!reaches!100%!conversion!with!minimal!consumption!(<!10%)!of!
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HA,!which!demonstrates!the!high!selectivity!of!vinyl!sulfones!over!acrylates.!High!reaction!selectivity! of! vinyl! sulfones! over! acrylates! was! used! to! control! the! gelation! behavior! in!crosslinked! polymer! networks,! which! demonstrates! the! applicability! of! selective! thiolDMichael!addition!reaction!for!wellDdefined!polymer!formation.!! Based! on! the! results! from! Chapter! 5,! kinetically! selective! thiolDMichael! addition!reactions! were! further! investigated! and! implemented! to! design! and! synthesize! highly!sophisticated!polymer! structures! such! as!dendrimers! and!multiphase!network!polymers,!which! are! demonstrated! in! Chapter! 6! and! 7,! respectively.! In! Chapter! 6,! reaction!selectivities! of! four! different! thiols! and! four! different! vinyls! were! assessed.! Over! 99%!selectivity! was! confirmed! in! multiple! combinations! of! both! thiols! and! vinyls.! Based! on!these! results,! new!multifunctional!monomers! (A*A2! vinyl! and! B*B2! thiol)!with! one!much!more! reactive! (A*! or! B*)! and! two!much! less! reactive! (A2! or! B2)! functional! groups! were!designed! and! synthesized.! Starting! from! a! trifunctional! core! thiol,! a! 5th! generation!dendrimer!with!96!peripheral!functional!groups!was!synthesized!in!less!than!a!half!day!by!sequentially! reacting!A*A2! and!B*B2!monomers! under! the! thiolDMichael! addition! reaction!conditions.! Furthermore,! a! oneDpot! dendriticDlinear! polymer! conjugation! was!demonstrated! by! a! convergent! synthesis! approach! starting! from! an! alkyneDterminated!dendron! synthesis! that! was! subsequently! coupled! with! azideDterminated!polyethyleneglycol,!all! in!oneDpot!with!just!one!purification!step!for!the!whole!procedure.!In! Chapter! 7,!multiphase! polymer! networks!were! synthesized! using! kinetically! selective!thiolDMichael!addition!reactions.!Two!distinct!polymer!networks!with!two!distinct!Tgs!(10!and!55!°C)!were!sequentially!formed!in!a!single!material!simply!by!mixing!multifunctional!monomers!with!different!reactivities!with!temporally!controlled!initiator!system!described!
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in!Chapter!3.!Polymer!networks!exhibited! triple!shape!memory!behavior,!which!could!be!programmed! by! either! a! oneDstep! programming! above! the! higher! Tg! or! a! twoDstep!programming! at! two! different! temperatures.! The! two! distinct! Tgs! are! readily! tuned! by!monomer!selection,! including!type!and!functionality,!and!thus!provide!a!versatile!method!to!prepare!these!unique!polymer!network!structures!for!a!wide!range!of!working!ranges.!It!was!also! shown! that! the!material!held! its! intermediate! shape! for!an!extended! time!at!an!intermediate!temperature,!which!is!a!benefit!of!having!two!distinct!networks,!each!holding!separate!temporary!shapes.!! In!Chapter!8,!spatiotemporal!control!of!two!different!reaction!pathways,!namely!the!thiolDene!and!thiolDMichael!addition!reactions,!were!designed,!developed!and!implemented!to! realize! polymer! films! and! surfaces!with! patterned! functionalities! and! properties.! This!methodology!was!based!on!the!fact!that!thiols!and!acrylates!can!react!either!via!a!radical!pathway!(thiolDene!reaction)!or!an!anionic!pathway!(thiolDMichael!addition!reaction)!which!result!in!different!polymer!structures!due!to!the!tendency!of!acrylates!to!homopolymerize!
via! the! radical! pathway! but! not! via! the! anionic! pathway.! The! radical! photoinitiator! and!delayed! thiolDMichael! addition! initiator! shown! in! Chapter! 3! were! used! to! achieve!spatiotemporal!control!of!these!reactions.!It!has!been!demonstrated!that!both!thiol!excess!and!acrylate!excess!polymer!networks!were!obtainable! from!the!same!starting!monomer!formulation!of! thiol:acrylate!=!1.0:1.2,!by! reacting!via! thiolDene!or! thiolDMichael! addition,!respectively.! Successful! surface! functionalization! with! hydrophilic! and! hydrophobic!monomers! was! demonstrated! for! both! thiol! excess! and! acrylate! excess! polymers.! In!addition,! significantly! different! thermomechanical! properties! were! obtained! from!thiol:acrylate!=!1.0:2.0!using!dithiol! and! tetraacrylate,!which! thiolDene!polymer!exhibited!
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glass! transition! temperature! of! 66! °C! and! rubbery! modulus! of! 51MPa,! while! the! thiolDMichael!addition!polymer!has!properties!of!a!D8!°C!Tg!and!a!modulus!of!2.6!MPa.!A!polymer!film!with!gradient!properties!was!formed!simply!by!adding!light!absorber!and!creating!the!light! gradient! throughout! the! 1! mm! thickness! to! spatially! form! gradients! from! the! two!different! reaction! pathways.! A! formation! of! the! gradient! film! was! supported! by! the!experimental! result! that! the! polymer! film! exhibited! two! major! phase! transitions! that!occurred! at! the! temperatures! close! to! the! glass! transition! temperatures! of! separately!prepared!thiolDene!and!thiolDMichael!addition!polymers.!! Overall,! initiators! to! control! the! thiolDMichael! addition! reaction! spatiotemporally!have!been!extensively! investigated!and!were!found!to!be! indispensable!tools! for!polymer!synthesis! and!modification.! In! addition,! abilities! to! selectively! react! particular! functional!groups!in!order!or!spatiotemporally!control!the!different!reaction!pathways!expanded!the!extent!of!tunability!to!construct!sophisticated!polymer!structures.!! Recommendations! for! future! work! firstly! include! an! investigation! into! more!efficient! photobase! generators.! The! visibleDlight! initiated! thiolDMichael! addition! reaction!was!successfully!demonstrated!in!Chapter!4,!however,!there!are!still!an!array!of!properties!that!can!be!improved,!such!as!the!rate!of!reaction!(efficiency!of!catalyst!and!its!generation),!and! higher! solubility! in! various! organic! and! aqueous!media,! both! of! which! open! up! the!application!field!of!photoinitiated!thiolDMichael!addition!reaction.!Photoinduced!release!of!strong!nucleophiles!such!as!phosphines!will!be!a!good!approach!to!obtain!extremely!high!reaction! rates! due! to! high! efficiencies! of! nucleophileDmediated! thiolDMichael! addition!reactions.! In! addition,! understanding! the! quantum! yield! of! photobase! generator!degradation! and! active! base! concentration! will! be! very! useful! for! elucidating! the! rate!
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limiting! step! of! base! generation! and! ultimately! the! design! of! new! photobase! generator!structures.! Tetraphenylborate! ionic! complexes! generally! have! low! solubility! in! typical!thiolDMichael!monomers,! thus! a! structural!modification!or! completely!different!design!of!the!photobase!generator!might!be!required!to!achieve!the!desired!characteristics.!! The! kinetically! selective! thiolDMichael! addition! concept! can! be! applied! not! just! to!dendrimer! synthesis! and!multiphase! network! polymers! that! have! been! demonstrated! in!this! thesis,! but! also! to! various! polymer! structures! that! require! precise! reaction! control!during! polymerization,! such! as! sequenceDcontrolled! polymers,! hyperbranched! polymers,!complex! dendritic! structures! (e.g.,! Janus! dendrimers,! dendronDgrafted! polymers)! and!gradient! materials.! Practical! applications! of! wellDdefined! architectures! need! to! be!considered!along!with!their!formation!and!characterization.!! Polymer! films! and! surfaces! with! patternable! dual! functionalities! using!spatiotemporally!controlled!thiolDene!and!thiolDMichael!addition!reactions!could!be!further!explored!to!attain!smart!surfaces!with!patterned!functionalities,!and!films!with!patterned!or!gradient!mechanical!properties!for!advanced!functional!materials.!Furthermore,!the!use!of!a!photoinitiator!for!both!reactions!will!provide!spatiotemporal!control!of!both!reactions!and! thus! a! conventionally! unavailable! degree! of! control! on! multifunctional! material!formation.!! !
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